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The directional distribution of the cosmic radiation has 
been investigated in Peru, geomagnetic latitude 0°, 
atmospheric depths h=6, 6.8, and 10 meters of equivalent 
water; in Panama, \20°, A=10 meters; in Mexico, \29°, 
h=6.8, 7.2, and 10 meters; and in Pennsylvania and 
Colorado, 450°, h=10, and 7.2 meters. At each location 
the west intensity exceeded the east and the percent 
asymmetry was maximum near zenith-angles of 45°, falling 
off towards the horizon. At h=10 meters the maximum 
asymmetry varied from 2 or 3 percent at 50° to 8 or 
10 percent at the equator and at h=6 meters it attained 
16 percent at the equator. It is shown that the observations 
cannot be accounted for as an effect of secondary rays, 
and from the Lemaitre-Vallarta theory expressions have 
been derived which relate both asymmetry and latitude- 
intensity-variations to a primary corpuscular component. 
The discovery of the asymmetry therefore establishes 
beyond doubt the existence of this component, already 
indicated by the latitude effect. Consistency between 
magnitudes of the two effects can be established only if the 
corpuscular component is exclusively positive. The magni- 
tude and the absorption coefficient of this component 
associate it with the intense soft component of the absorp- 
tion curve analyses of Millikan and Regener, with coeffi- 
cient 0.55 per meter of water and containing some 98 
percent of the radiation incident at the top of the atmos- 
phere. Although the corpuscular radiation is widely 
distributed in energy, close analysis shows a band of 
greater-than-average intensity in the range of positron or 
proton energies from 1 to 1.8 X10" volts. Independent 


determinations of energy and absorption coefficient show 
disagreement in order of magnitude with the theory of 
energy loss by ionization, and the atmospheric range of 
the asymmetrical radiation is anomalously independent of 
primary energy. Both characteristics point to some other 
process for dissipation of energy. Studies have been made 
of the shower-producing radiation, and it is found that its 
absorption coefficient in the atmosphere agrees with that 
of the corpuscular component. The directions of shower- 
producing rays are likewise asymmetrically distributed 
showing them to be of positive corpuscular origin. Hence 
it is suggested that shower-production possibly accounts 
for the absorption anomalies. Studies of the shower- 
producing mechanism at high elevations have shown the 
existence of relatively soft intermediary rays which are 
also ionizing corpuscles. Studies of the zenith-angle 
distributions at high and low elevations have shown that 
the ratio of counts to electroscope ionization is less for 
the soft than for the harder components and a correction 
for this effect, probably arising from shower production, 
brings zenith-angle distributions into fair agreement with 
the absorption curve analysis of Bowen, Millikan and 
Neher. Difficulties in accounting for exclusively positive 
radiation by radioactive and secondary processes are 
enumerated and the existence of a radial cosmic electric 
field with the earth near its center is suggested. Ac- 
knowledgment is made of the support and cooperation of 
the Carnegie Institution, the Bartol Foundation, and of 
many individuals, 


N asymmetry of the cosmic-ray intensity 
with respect to the meridian plane was to 
have been expected from Stérmer’s! theory of the 
orbits of electrically charged particles in the 


‘Carl Stérmer, Gerlands Beitrage zur Geophysik, Ergeb- 
nisse der kosmischen Physik I, p. 1 (1931). 


magnetic field of the earth if the primary radi- 
ation contained an electrically charged com- 
ponent with more rays of one sign than of the 
other. Primary electrons, protons, or alpha- 
particles in the energy range 510° to 5X10"° 
volts would be asymmetrically distributed in the 
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latitudes of the torrid and temperate zones, and 
if these rays or their secondaries could penetrate 
the atmosphere without appreciable changes of 
direction, the asymmetry would persist at sea 
level. Evidence for the existence of corpuscular 
rays of these energies had been found in the 
absorption experiments of Bothe and Kolhérster? 
and in the cloud photographs of Anderson’ and 
Kunze,‘ and their presence in the primary 
radiation was the most natural interpretation of 
the latitude-intensity-variations found by Clay® 
and Compton,* particularly of the finding of the 
latter that the intensity depended upon geo- 
magnetic rather than upon geographic latitude. 


1. EARLIER MEASUREMENTS OF THE ASYMMETRY 


Rossi’ looked for an asymmetry of the radi- 
ation in Italy, but his experiments failed to show 
a difference between the east and west intensities. 
With an arrangement providing better resolution 
in zenith-angle, the writer and J. C. Street,® 
working on Mt. Washington, N. H., found 
slightly greater intensities from the west than 
from the east at zenith-angles of 30° and 40°, 
and in the light of the theory this indicated a 
greater intensity of positive than of negative 
primary rays in a narrow energy-range around 
1.6 X 10° proton-volts. 


2. SCOPE OF PRESENT SURVEY AND OTHER 
RECENT 


Since the theory attributes both the asym- 
metry and the latitude-intensity-variation to the 
same component of the radiation, more pro- 
nounced asymmetries were to be expected in 
equatorial latitudes where intensity-variations 
are greater. Accordingly, asurvey was undertaken 
during the spring and summer of 1933 to measure 
the asymmetry at various latitudes and ele- 
vations within the equatorial zone. The ob- 


2? W. Bothe and W. Kolhérster, Zeits. f. Physik 56, 776 
(1929), 

*C. D. Anderson, Phys. Rev. 41, 405 (1932); 44, 406 
(1933). 

*P. Kunze, Zeits, f. Physik 80, 559 (1933). 

5 J. Clay, Proc. Roy. Acad. Amsterdam 35, 1282 (1932). 

* A. H. Compton, Phys. Rev. 43, 387 (1933). 

7B. Rossi, Nuovo Cimento 8 (3), 3 (1931). 

*T. H. Johnson and J. C. Street, Phys. Rev. 43, 381 
(1933). 
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jectives were: (1) to obtain new evidence to 
supplement the latitude-intensity-variations jp 
establishing beyond reasonable doubt the exist. 
ence of a primary, corpuscular component of the 
radiation; (2) to determine the relative intensities 
of positive and negative components; (3) to 
determine the distribution in energy of radiation 
in the affected range (510° to 5X10'° volts, if 
electrons or protons); and (4) to determine the 
energy lost by corpuscular rays of these energies 
in their passage through the atmosphere. 
Though still incomplete, the survey’ now 
includes measurements at the magnetic equator 
in Peru at elevations corresponding to depths 
below the top of the atmosphere of = 6, 6.8 and 
10 meters of equivalent water; in the Panama 
Canal Zone, geomagnetic latitude \20°, h=10 
meters; in Mexico, \29°, h=6.8, 7.5 and 10 
meters; and by Stevenson in Colorado and 
Pennsylvania, \50°, h=7.2 and 10 meters. At 
each of the above locations an asymmetry has 
been found in the sense te agree with the Mt. 
Washington experiments, i.e., with the west 
intensity greater than the east. In Mexico 
measurements were made with independent 
apparatus by Alvarez.'° An asymmetry at sea 
level at the equator has also been found by 
Auger and Leprince-Ringuet," and Rossi" has 
reported measurements of the asymmetry in 
Erythrea, 11° 30’, elevation 2370 meters. A. 
Ehmert™ has also made measurements on the 
Zugspitse, 448°, h=7.3 meters. All of the above 
results are in agreement with our own. Other 
measurements by Bennett and Stearns" in 
Colorado, and by Korff'® in California and 
Arizona, though not in disagreement with those 
of Stevenson, were inconclusive in showing an 
asymmetry, because of larger probable errors. 


* Preliminary reports of the work have appeared as 
follows: T. H. Johnson, Phys. Rev. 43, 834 (1933); J. 
Frank. Inst. 215, 749 (1933); Phys. Rev. 44, 856 (1933). 
E. C. Stevenson, Phys. Rev. 44, 855 (1933). T. H. Johnson 
and E. C. Stevenson, Phys. Rev. 44, 125 (1933). 

10. Alvarez and A. H. Compton, Phys. Rev. 43, 835 
(1933). 

" P, Auger and L. Leprince-Ringuet, Comptes Rendus 
197, 1242 (1933); Nature 133, 138 (1934). 

12 B. Rossi, Phys. Rev. 45, 212 (1934). 

3 A. Ehmert, Phys. Zeits. 35, 20 (1934). 

4 J. C. Stearns and R. D. Bennett, Phys. Rev. 43, 1039 
(1933). 

%S. A. Korff, Phys. Rev. 44, 515 (1933). 
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COUNTER STUDIES IN COSMIC RADIATION 


3, APPARATUS AND EXPERIMENTAL PROCEDURE 


The apparatus used in the survey consisted of 
a train of three Geiger-Mueller counters with a 
circuit’ for selecting and recording the coincident 
discharges. In most of the measurements each 
element of the train consisted of a bundle of three 
small counters, individually provided with sepa- 
rate leak resistors and condensers coupling to a 
common amplifier. Because of low counting rates 
in consequence of the small size of each element, 
the efficiency of this arrangement, as limited by 
insensitive recovery time, was greater than that 
of single, large counters of the same cross- 
sectional area. Two different arrangements were 
used, represented by (a) and (b) Fig. 1. Arrange- 


Fic. 1, Arrangements of counters: (a) for good resolution in 
zenith-angle; (b) for good resolution in azimuth, 


ment (a), designed for good resolution in zenith- 
angle, consisted of three bundles of horizontal 
counters. The effective cross-sectional area of 
each bundle was 20 cm long by 5 cm wide and the 
outermost bundles were separated 25 cm. The 
angular aperture for which half or more of the 
area was effective was 11.5° in zenith-angle by 
42°. In arrangement (b), for good resolution in 
azimuth, the axes of the counters were in a 
vertical plane and their line of centers was 
inclined 45°. In this case the effective area was 20 
cm by 7.5 cm and the extreme bundles were 
separated 40 cm. This arrangement thus included 
rays in the range of zenith-angles 18°—72°. 


*T. H. Johnson and J. C. Street, J. Frank. Inst. 215, 
239 (1933). 
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The counting rate of coincidences measured 
the intensity of radiation in the direction of the 
counter train, and intensities in different azi- 
muths at the same zenith-angle were compared 
by frequent rotations about a vertical axis. This 
axis was adjusted to within a fifth of a degree 
of vertical by leveling screws, and the inclination 
of the counters was indicated by a protractor and 
spirit level. For greater speed in securing data 
three independent sets were operated simul- 
taneously, and in the later measurements in 
Panama and Peru changes of orientation were 
made automatically at thirty-minute intervals 
and recording dials photographed at fifteen- 
minute intervals. The photographs also included 
the reading of a watch, the supply voltage, 
automatic azimuth indicators, and in some 
instances an aneroid barometer. 110 volt alter- 
nating current was supplied, when possible, by 
commercial lines and otherwise by a 500 watt, 
gasoline-electric generator. For most of the 
measurements in Peru and Mexico the apparatus 
was sheltered in a canvas tent. At the 6 meter 
elevation in Peru it was under a thin sheet- 
steel roof, and in Panama it was in a light, frame 
cottage. In none of the shelters could an asym- 
metry have been introduced by nonuniformly 
distributed, absorbing material. 


4. REDUCTION OF DATA AND GENERAL 
CONCLUSIONS 


In reducing the data each pair of consecutive, 
fifteen-minute readings has been used for a value 
of the ratio of east to west intensity. These 
ratios are independent of the absolute sensitivity, 
and of long period changes of sensitivity, as well 
as of first-order, barometric changes, but sta- 
tistical fluctuations produce spreads such as are 
indicated by the frequency-of-occurrence poly- 
gons of Fig. 2. In practically every case there is 
displacement of the center of the polygon to the 
left of unity, indicating a lower, average east 
intensity. The mean ratio of west to east 
intensity is tabulated in Table I, together with 
the number of data, N, and the probable error, R, 
of the mean as calculated from the observed 
spread of the data. The probable errors, R’, to be 
expected from statistical fluctuations alone (cal- 
culated from the total number of counts) are also 
given, and the agreement between R and R’ is an 


in | 
cist- 
the 
ities 
to 
tion 
s, if 
the 
gies 
now | 
ator 
ths | : 
and ‘ 
ma 
= 10 
10 
and 
\ 
= y/ \ 
Mt. 
vest 
ent 
as 
b 
the 
her | 
in 
and 
ose 
an 
| as | 
33). 
Ison 
835 
dus 
q 


572 THOMAS H. 


a 


T 


= 


30° 45° 

30 
PERU 20 
h=6M. 10 


30 
PERU 20 
h= 68M 10 


T 
a 


PERU 20 
h=10M. 10 


T 
a 
> 
T T T 


30 
PANAMA 20 
h=10M 10 
MEXICO 20} 
h=68M 10 


Las 


MEXICO 10 


Fic. 2, Frequency-of-occurrence polygons showing distri- 
bution of ratios j./jw. 


important criterion of the absence of trouble- 
some, short period, instrumental variations. In 
the case of some of the Mexican measurements, 
data for two or three adjoining zenith-angles 
have been clustered, as indicated by the footnotes 
of the table, to yield averages of higher precision. 
This is allowable since in none of these cases does 
the asymmetry vary by as much as the probable 
error over the range of zenith-angles included in a 
single average. 

In Fig. 3, the ratio of west to east intensity for 
each location is plotted against zenith-angles, 
and the probable errors are indicated by the 
vertical lines. The data obtained in Mexico by 
Alvarez are represented by crosses, and the two 
data represented by circles, one in Peru at h=6 
meters and the other in Mexico at h=7.5 meters, 
were obtained with 3.8 cm of lead inserted 
between the counters to absorb the softest 
component of the radiation. There is just an 
indication that this may be slightly diffused with 
respect to the primary directions since the 
asymmetries measured in this way are in both 
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cases greater than without the lead. In most 
locations measurements at angles as great as 75° 
would have been partially obstructed by high 
horizons but the data at large zenith-angles are 
sufficiently complete to show definitely that the 
percent asymmetry diminishes towards the 
horizon. It is also definite, particularly from the 
Peruvian measurements, that the percent asym- 
metry increases with elevation, and both facts 
show the asymmetrical component to be softer 
than the average radiation. This is evidence that 
the asymmetrical component of the radiation js 
the same as that which varies in intensity with 
latitude, since the percent latitude effect is also 
greater at higher elevations.*:'’ It is also 
definitely established that the radiation is dis- 
tributed more asymmetrically at the equator 
than at any of the other latitudes at which 
measurements have been made. At d50° the 
maximum asymmetry is two or three percent, 
compared with fifteen percent at the equator. 


h=68M h=|0M 


| 


h=!0M 
PANAMA | 
h=20° 
10 
mexico 


Fic. 3. Intensity ratios, j./j., vs. zenith-angle at various 
locations. Curves represent Eqs. (3), (5) and (6); lines, 
data without absorber; circles, data with 3.8 cm lead 
absorber; crosses, data of Alvarez. 


171, S. Bowen,’R. A. Millikan and H. V. Neher, Phys. 
Rev. 44, 264 (1933). 
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TABLE I. Measured ratios of west to east intensity for various latitudes, elevations and zenith-angles. 


No. of | Prob. Prob. 
data “— error 


X 0 je N jw/je 


No.of Prob. Prob. No. of | Prob. Prob. 
data error error error error 
N R je/je N R R’ 


————-h = 6 meters 
0° 15° 1.094 183 .0054 .0044 1.060 

30° 1.140 163 .0064 .0065 1.122 
45° 1.148 72 .0108 .0102 1.145 
45° 1.200* 45 .023 .0145 
60° 1.140 93 .014 .013 1.119 
1.021» 

20° 45° 


h=6.8 meters h=10 meters—————- 
118 .0069 .0062 1.062 92 .010 .0096 
144 .0073 .0071 1.088 150 .0085 .0088 
218 .0071 .0072 1.134 63 .019 .0178 


150 .0122 .0121 
87 .025 .023 
1.040 152 .0076 .0079 
1.034 328 .0060 .0058 
1.071 332 .0068 .0070 
1.018 191 .0119 0125 
.936° 157 .0195 
h=7.5 meters 


= 6.8 meters 

29° «1.062 73 0077 .0095 
30° 1.078 54 .0088  .0099 1.0484 
40° 1.078° 
50° 1.081 41 O18 015 1.086! 


50° 1.128 
15° 

30° 1.022 

45° 1.023 


h=10 meters————— 


59 .0057 .0084 1.072 30 .019 .019 
65 .008 .007 
38 .014 .013 1.050 25 .014 .017 
19 .019 018 

h=7.2 meters 


h=i10 meters————— 
1.010 33 .007 .006 

26 .006 .006 1.031 35 .0075 .0075 

25 .007 .006 1.024 35 .010 .009 
1.010 27 015 014 
1.04 27 02 02 


® 3.8 cm of lead inserted between counters. 


> Horizon extended above horizontal 3° on the east and 5.1° on the west. 
¢ Probably effected by a high horizon of dense tropical forest to the west. 


4 Includes 14 data at 25°. 
¢ Includes 14 data at 35° and 36 data at 45°. 
f Includes 19 data at 55°. 


Besides comparisons of east and west intensities 
both arrangements, (a) and (b), Fig. 1, have been 
used for comparing intensities in other azimuths. 
These results are contained in Table IV. 


5. PROOF THAT THE ASYMMETRY IS AN EFFECT OF 
THE PRIMARY RADIATION 


From the Mt. Washington measurements we 
had concluded that although the observed asym- 
metry was characteristic of a positive, primary 
radiation, it could possibly have been accounted 
for as a secondary effect. For example, if the 
range of the secondary particle were at all 
comparable with its radius of curvature, an 
asymmetry in the observed sense would result if 
positive secondaries were either more abundantly 
produced or had larger ratios of range to radius 
of curvature than negatives.* This alternative 


*A calculation of the asymmetry resulting from the 
deflection of secondaries produced in the atmosphere has 
been the subject of papers by B. Rossi and A. Garbasso, 
Rendi Lincei. 15, 62. (1932) and by I. S. Bowen, Phys. 
Rev. 45, 349 (1934). 


can now be definitely discarded as an impossible 
explanation of the principal part of the observed 
asymmetries by the following reasoning. The 
action of the field on secondary rays would vary 
as the strength of the horizontal component of 
the field or approximately as cos \. Hence, if we 
suppose the 2 percent effect at 450° to be entirely 
due to secondaries, the maximum effect from 
secondaries at the equator would be 2 percent 
+ cos 50°=3 percent. This leaves the remaining 
12 percent to be accounted for by primaries. On 
the other hand, with an asymmetry of 12 or 15 
percent at the equator due to primaries, on the 
basis of assumptions concerning the penetration 
of the rays through the atmosphere which are in 
agreement with the latitude-intensity-variations, 
a 2 percent primary effect could be expected at 
450°. The secondary effect is, therefore, inade- 
quate to account for the asymmetry at the 
equator and is not required to account for the 
asymmetry observed at high latitudes. Since 
approximately equal numbers of low energy 
positives and negatives have been found in cloud- 
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chamber photographs by Anderson and Kunze, 
there is perhaps no reason to expect an asym- 
metry due to secondaries, but if some slight, 
secondary effect is also present it could possibly 
be distinguished by measurements at still higher 
latitudes, well above the parallel at which the 
intensity. assumes its constant, high-latitude 
value. 


6. THEORY OF THE ASYMMETRY AND LATITUDE 
INTENSITY VARIATIONS OF THE 
PRIMARY RADIATION 


The theory of an asymmetry and a variation of 
intensity with latitude due to the influence of the 
earth’s field on a primary, electrically charged 
radiation was given in approximate form by 
Stérmer,' and by Epstein.'* Important advances 
in the theory have been made by Lemaitre and 
Vallarta,’® and although it is realized that further 
improvements in accuracy may still be forth- 
coming, for the purpose of the present calcula- 
tions the results of the theory are represented 
by the curves of Fig. 4.°° The parameter x, 
plotted as ordinate, is proportional to the square 
root of the radius of curvature of the particle in a 
magnetic field and, if the mass is large compared 
with the rest mass, x is also proportional to the 


Fic. 4. Vallarta’s curves, minimum values of x vs. 
angle-from-meridian-plane and geomagnetic latitude. West 
is to the left for positive rays and to the right for negatives. 


18 P. S. Epstein, Proc. Nat. Acad. Sci. 16, 658 (1930). 

19G. Lemaitre and M. S. Vallarta, Phys. Rev. 43, 87 
(1933). 

20M. S. Vallarta, Phys. Rev. 44, 1 (1933). The dotted 
curve for \=50° has been plotted from Stérmer’s equation. 


JOHNSON 


square root of the energy. To this approximation 
the energy E=5.96 X10" x* volts. With the left 
side of Fig. 4 representing west, the curves give 
the minimum values, xo, for which positive rays 
may reach the surface of the earth along the 
surfaces of cones at various angles 6 from the 
meridian plane represented by the abscissae, and 
at latitudes represented by the various curves, 
The corresponding curves for negative rays are 
the images of these with respect to the line @=0, 

If we suppose the radiation to be more or less 
uniformly distributed in x, the curves of Fig. 4 
provide the basis for expressions to represent 
both asymmetries and latitude-intensity-varia- 
tions. Considering rays in the plane perpendicular 
to the meridian where zenith and meridian- 
angles are identical, if 7,(x)dx and i_(x)dx repre- 
sent the fractions of the total intensity from the 
zenith in atmosphere free space at latitude \ on 
the surface of the earth due respectively to 
positive and negative primaries for which the 
parameter x lies within the range x to x+dx, and 
if the changes in these fractions due to filtering in 
the atmosphere over path lengths h sec @ are 
given by factors f,(x, h sec 0) and f_(x, h sec @), 
respectively, then the rate of increase of intensity, 
j with 6 at the zenith may be expressed as 


(dj/jd0) = (t4.f4 t_f.) (dxo/d@) 6=0,A=const. (1) 


and the rate of increase of zenith intensity with 
latitude is expressed as 


(dj/jdd)o~0= (2) 
Eq. (1) represents the slope of the asymmetry 


- curves of Fig. 3, at 2=0, and (2) represents the 


slope of the latitude-intensity curve as deter- 
mined by a train of counters pointing in the 
zenith direction. 

The asymmetry at finite @ is given by the 
integral form 


Ive 
(Ow) 


where the limits of integration of the first term 
correspond to the ordinates of the positive curves 
of Fig. 4 for equal angles east and west, and those 
of the second term to the negative curves and 
i’f'dx is the corpuscular component in range 4x, 
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expressed now as a fraction of the total radiation 
from the direction, @.. 

Similarly the intensity change at a particular 
angle for a finite change in latitude is represented 


by 


=f, 


where i*f* represents the intensity of the 
corpuscular component expressed as a fraction of 
the intensity at meridian-angle @ and at latitude 
Mi 
Eq. (3) represents the asymmetry curves of 
Fig. 3, and Eq. (4) the latitude-intensity-changes 
as measured by a train of counters pointing in 
direction 6. If (4) is averaged over all zenith- 
angles the result compares with intensity-vari- 
ations measured with an electroscope. 

Eqs. (1) to (4) contain the theoretical predic- 
tions for both latitude-intensity-variations and 
directional asymmetries, both effects being 
attributed to the same, corpuscular component of 
the primary radiation. The discovery of the 
latitude effect alone was a strong indication of the 
existence of this component since no other, 
completely satisfactory interpretation had been 
given, but with the discovery of the asymmetry, the 
possibility of ever finding an alternative explanation 
for both effects, practically vanishes, and we may 
now regard the existence of a corpuscular component 
as substantially proven. Furthermore, the asym- 
metry measurements show, by the greater 
western intensity, that the majority of the 
primary, corpuscular rays whose x values lie 
within the range of variation of the curves of 
Fig. 4, carry a positive charge. 


7. EVIDENCE THAT THE CORPUSCULAR COM- 
PONENT IS EXCLUSIVELY POSITIVE 


Eqs. (3) and (4) provide a means of comparison 
of the magnitudes of the asymmetry and the 
latitude-intensity-variations. The latter depend 
upon the sum of the positive and negative 
components, whereas the former depend upon 
their difference. A comparison of the two effects 
therefore leads to a determination of positive and 
negative intensities separately. Eqs. (1) and (2) 
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provide an unambiguous method for making this 
determination but require measurements of the 
rate of change with latitude of intensity from the 
direction of the zenith and measurements of the 
asymmetry at small angles from the zenith. 
These quantities, at a particular latitude and 
elevation, then lead to values of the positive and 
negative intensities, 7,f, and i_f_, for the value 
of x which becomes excluded from the zenith at 
that latitude. 

On the basis of the data now available, it is 
more satisfactory to proceed with the analysis 
using the integral forms (3) and (4). Since the 
greater, western intensities appearing in the 
asymmetry measurements show that most of the 
corpuscular radiation is positive, it is convenient 
to try the assumption that it is exclusively so. 
This assumption reduces the right-hand members 
of (3) and (4) to the first terms and, if the 
assumption is correct, any empirical function, 
if, which integrates over the limits of (3) to 
give observed values of the asymmetry, must also 
give observed latitude-intensity-variations if 
integrated over the limits of (4). If the assump- 
tion is not correct, but a negative component is 
also present, the function which integrates to 
give correct values of the asymmetry will give 
values for latitude-intensity-variations too small 
to agree with observation, and the percentage 
error will be twice the average ratio of the 
intensity of negatives to positives in the range of 
x involved. 

In seeking an empirical function it has been 
found that, if expressed as a fraction of the 
zenith intensity at the equator, 


fs. 167A see f_=0 (5) 


satisfactorily reproduce the observed asym- 
metries when used as the integrand of (3). The 
values calculated in this way are represented by 
the full curves of Fig. 3. Since Lemaitre and 
Vallarta’s calculations have not extended to 
450° the dotted curves of Figs. 3 and 4 for this 
latitude are based upon Stérmer’s approximate 
equation. Here the integrand 


= Se—0-167h see = 0, (6) 


has been used to give more satisfactory agree- 
ment with the observations. Although x ranges 
from 0.2 to 0.7 between the extreme angles 
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and latitudes of the observations, representing 
energies differing by a factor of ten, it is sur- 
prisingly unnecessary to invoke a variation of 
the exponential coefficient of (5) and (6) with 
x, and with the possible exception of the data 
for h=10 meters at the equator, the asym- 
metries calculated from (5) and (6) agree satis- 
factorily with the observations. Regardless of 
the significance of the constants in (5) and (6), 
the fact that this expression represents the 
correct magnitude of the asymmetrical com- 
ponent requires it to represent the component 
which varies with latitude, unless primary, 
negative radiation is also present. Between the 
equator and 29° the value of x» for @=0 varies 
by Axo= 0.125, and, from (4) and (5), the zenith 
intensity at sea level should increase at 429° to 
9.5 percent greater than its value at the equator. 
In agreement with this prediction, Auger and 
Leprince-Ringuet" have measured the latitude- 
intensity-changes with a train of counters point- 
ing towards the zenith and have found an 
intensity at 29° approximately 10 percent 
greater than that at the equator. 

In order to compare with values observed by 
the electroscope method, (4) is averaged over all 
zenith-angles. Since the curves of Fig. 4, are 
nearly parallel, the average value of Axo is about 
equal to its value at the zenith and the average 
fractional increase in intensity is 


= (2/2) AxG(0.167h). 


Eq. (7) may be expected to apply to observations 
up to A29°. For higher latitudes the asymmetry 
data are less complete and theoretical curves 
perhaps less certain, but a greater intensity- 
factor is indicated in the range from \29° to 
450°. Since the factor, 8, in (6) represents the 
asymmetry data at \50° and the factor, 4, in (5) 
is satisfactory at \29° the value, 6, has been 
chosen to represent the corpuscular component 
for calculations of the latitude-intensity-varia- 
tions in the range of x between 0.2 and 0.35. The 
results of these calculations for two different 
elevations are contained in Table II, where they 
are compared with latitude-intensity-variations 
found by various observers. At each latitude and 
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TABLE II. Comparison of observed latitude-intensity-variation 
(expressed as percent increases over the value at the equator) 
with values calculated from asymmetry, assuming an 
exclusively positive, corpuscular component, 


Observed 


Depth Calcu- 
meters lated Bowen, 
of from (5) Comp- Millikan 
Latitude water and(6) ton and NeherClay Hoerlin 


420° 10 1 1 0 2 0 
6 3 3 0 — — 

10 3 6 2 
6 7 10 

450° 10 9 14 7 15 10 
6 23 33 25 


elevation the agreement between the calculated 
and observed values is as good as that between 
the various observers. Therefore, in view of the 
assumption upon which the calculations are 
based, it is concluded that within present accu- 
racies of theory and experiment the positive 
component alone 1s sufficient to account for the 
entire variation of intensity with latitude, and in the 
energy range extending from x=0.2 to 0.7 
negative radiation, if present at all, cannot have 
more than a small fraction of the intensity of the 
positive radiation. 

In estimating the accuracy of this conclusion, 
various considerations must be made. In the 
first place the calculations assume no change of 
direction by the primary and its secondaries 
during passage through the atmosphere. If such 
changes of direction are of significant magnitude 
their effect must diminish the asymmetry and 
any correction for diffuseness would lead to still 
higher estimates of the positive component. 
Previous measurements” of the angular distri- 
bution of the soft, secondary radiation have 
indicated that this is not appreciably diffused 
with respect to the average radiation but the two 
observations of the asymmetry with interposed 
lead indicate that a small correction of this 
nature may be required. As a second consider- 
ation the greatest discrepancy between observed 
and calculated asymmetry is for the ten meter 
depth in Peru, and this indicates a slightly 
greater, positive component at sea level than that 
represented by (5). In comparing counter and 
electroscope measurements in Table II, the ratio 


*1T, H. Johnson and E. C. Stevenson, Phys. Rev. 43, 
583 (1933). 
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of ionization-intensity to count-intensity has 
been assumed the same at all latitudes. The 
evidence presented in Section 15 indicates that 
soft radiation, present at high latitudes but not at 
the equator, produces a larger percent increase in 
jonization than in counts, and an allowance for 
this effect would again operate in the direction of 
increasing the estimated, positive component. On 
the side of the theory, inaccuracies in the curves 
of Fig. 4 would introduce errors into the calcu- 
jated values of latitude-intensity-variations, but 
the writer is not in position to estimate the 
possible limits of errors of this nature. Without 
allowing for any of these considerations, the 
discrepancy between the calculated and Comp- 
ton’s observed value for 29°, h=6 meters, 
requires a negative component equal to only 17 
percent of the positive. The above considerations 
would place this estimate as the extreme upper 
limit of the negative component. 


8. THE INTENSITY OF THE CORPUSCULAR 
COMPONENT 


The range of x within which observations of the 
corpuscular component are possible is limited on 
the lower side by atmospheric absorption at 
about 0.2 and on the upper side at about 0.75. 
Hence, it is not possible by direct observation of 
the asymmetry to determine the total intensity of 
the corpuscular component. However, if (5) and 
(6) are integrated over the range of x within 
which they are observationally found to represent 
the corpuscular radiation, a lower limit is found 
for the intensity of this component at latitudes 
above \50° where no part of it is excluded by the 
magnetic field. At sea level this calculation shows 
at least 37 percent of the vertical intensity and 13 
percent of the intensity averaged from all 
directions to be corpuscular. At the elevation of 
14,200 ft. (h=6) at least 58 percent of the 
vertical intensity and 33 percent of the average 
intensity is of the same character. 


9. ABSORPTION COEFFICIENT OF THE CORPUs- 
CULAR COMPONENT 

Since (5) and (6) represent the corpuscular 

component per unit range of x expressed as a 

fraction of the zenith intensity at the equator, 

the exponential coefficient 0.167 per meter 

represents the difference between the absorption 


coefficient of the corpuscular component and the 
mean, effective coefficient for the average radi- 
ation. For the latter, the data of Bowen, Millikan 
and Neher for 6-7 meter depths with unshielded 
electroscope at the equator give by Gold integral 
analysis the value 0.35 per meter. The same value 
also reproduces the observed zenith-angle distri- 
bution with the best approximation realizable 
from a single component (see Table X, column 
V). The most probable coefficient of the cor- 
puscular component is therefore about 0.52. 
Since values of the asymmetry are encumbered 
by rather high probable errors, some latitude is 
available in the choice of the coefficient in (5) and 
(6) but values greater than 0.25 and less than 
0.10 can be definitely excluded. Also the value 
0.167 has the support of the latitude-intensity- 
variations as measured at various elevations, 
since in Table II the agreements between ob- 
served variations and those calculated from (5) 
and (6) are as good at one elevation as at the 
other. Thus the absorption coefficient of the 
corpuscular component must be limited to values 
well within the limits 0.45 and 0.60 per meter. 


10. ASSOCIATION OF THE CORPUSCULAR ComM- 
PONENT WITH THE BAND ANALYSIS OF 
THE IONIZATION Deptu CURVES 


Recent studies of ionization vs. depth by 
Millikan and Regener and their associates'?: *° 
have resulted in an analvsis of the radiation into 
at least four distinct bands characterized by 


TABLE III. Data concerning the cosmic-ray bands. 


Analysis of Kramer given in ordinary and that of 
Bowen, Millikan and Neher, in italics. 


Cor- 
pus- 
cular 
Com- 


Component I Il Ill ponent 


Absorption coefficient 0.021 0.075 0.157 0.518 0.52 
per meter of water 0.0075 0.03 O12 0.55 


Intensity at h=0 0.4 3.3 4.3 92 
(% of total) 0.02 0.2 1.1 98.6 
Intensity ath=6 2.6 17 16.4 64 greater 
(% of total) 15 10.2 23.3 65 than 33 
Intensity at h=10 68 39.5 30.3 greater 
(% of total) 52 30.9 44.5 194 thani13 


22, W. Kramer, Zeits. f. Physik 85, 411 (1933). 
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values of intensity and absorption coefficient. In 
order, if possible, to identify the corpuscular 
radiation with one of these bands, data con- 
cerning them have been gathered in Table IIT and 
compared with the corresponding data of the 
corpuscular component. 

It is clear from this comparison, as regards 
both absorption coefficient and intensity, that if 
the corpuscular radiation is to be identified with a 
single band of the absorption curve analysis, this 
band must be the intense, soft component of 
coefficient 0.55 (0.518) per meter of water which 
constitutes some 98 percent of the total radiation at 
the top of the atmosphere, and which has hereto- 
been explained as a photon radiation of 
energy equivalent to the mass defect of helium 
with respect to four hydrogen atoms. 


11. ENERGY DISTRIBUTION OF THE PRIMARY 
CORPUSCULAR RADIATION 


Since the asymmetry measurements in the 
range of latitudes from the equator to \29° are 
well represented by (5) if used as the integrand in 
(3), it follows that the corpuscular component 
must be approximately uniformly distributed 
throughout the corresponding range of x. These 
measurements, except at small zenith-angles, 
involve only the average intensity for rather wide 
ranges of x. Hence better resolution in x was 
sought in a set of measurements, given in Table 
IV, which compare the intensities of closer 
azimuths. The same experimental procedure and 
method of reduction of data were used in this case 
as with the east-west measurements of Table I. 

Corresponding to the azimuth ¢, measured 
from the east, the limit x» may again be deter- 
mined from Fig. 4 by using the relation, sin 6 
= cos ¢ sin s, in which s is the zenith-angle and 6 
the angle of the ray from the meridian plane. The 
integration of (5) between these limits results 
in the ‘‘calculated” intensity-ratios and these 
epitomize the assumption of a uniform intensity- 
distribution in x. 

Although the agreement of the calculated and 
observed ratios is fairly good, certain systematic 
discrepancies appear. For example, in the case of 


the Mexican data 1 and 5 the ratio W : S is less 


23R, A. Millikan and G. H. Cameron, Phys. Rev. 37, 
235 (1931). 
4 E. Regener, Phys. Zeits. 34, 306 (1933). 


than predicted at both elevations whereas the 
ratios S : SE and S : E (data 2 and 3) are greater 
than predicted, and a similar effect is indicated 
by the data 9, 10 and 11. If the theoretical curves 
of Fig. 4 are correct, this would indicate the 
beginning of a band of greater-than-average 
intensity at about x=0.43 and extending to 
higher energies. At the equator systematic 
discrepancies again appear but in the reverse 
order. For each zenith-angle, measurements 23- 
28 indicate values of the ratio W : S greater than 
predicted and ratios S : E less than predicted, 
and a similar tendency is indicated by data 17-22 
and 29-36. The data for the equator, therefore, 
indicate the termination of a band of greater- 
than-average intensity at x=0.55, extending 
from lower energies. Thus there is definite indica- 
tion of a band of greater-than-average intensity 
extending from x=0.43 to 0.55 corresponding to 
positron energies in the range I to 1.8 X 10" volts or 
to proton energies in the range 0.9 to 1.710" 
volts. The data for Panama, in the center of this 
range of energies, are somewhat erratic and show 
no definite, systematic discrepancies of the same 
character as those exhibited by the other data. 

At each latitude these measurements show the 
east to be the direction of minimum and west the 
direction of maximum intensities. Lemaitre and 
Vallarta have predicted a second order, southern 
effect in north latitudes, but data 6 and 7 have 
not confirmed this. 


12. CONSIDERATION OF THE Loss OF ENERGY BY 
CORPUSCULAR RAys 


With independent determinations of primary 
energy and absorption coefficient, provided in the 
first instance by the Lemaitre-Vallarta theory 
and in the second hy the measurements of 
asymmetry and intensity-vs.-latitude at various 
elevations, and with the knowledge that the rays 
are positive, it becomes of interest to see what 
conclusions may be derived regarding the proc- 
esses by which energy is dissipated during passage 
through the atmosphere. 

Considering ordinary scattering and ionization, 
Heisenberg®® has given the theoretical relation 
for absorption coefficient as a function of energy 
E for high speed electrons and the results may be 
expressed by n= 1/range= 1/kE, where k has the 


*° W. Heisenberg, Ann. d. Physik 13, 430 (1932). 
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TABLE IV. Distribution of intensity in azimuth compared with values calculated on assumption of uniform distribution in x. 


Observed Calculated 
Datum Zenith- intensity intensity Probable Errors No. 
Location number angle Azimuths ratio ratio R Rr of data 
Arrangement (a) 
Mexico 1 45° Ww:sS 1.024 1, 0.0089 0.0094 38 
g° 2 _ S:SE 1.10 1,04 012 012 30 
h=6.8 m 3 $:E 1.08 1.06 018 014 11 
+ SE: E 1.020 1.023 0115 0113 29 
Mexico 5 = W:S 1.00 1.04 012 .010 22 
h=7.5 6 és N:S 1.00 1.00 011 .010 22 
7 ™ SE : NE .996 1.00 010 O11 18 
(b) 
Mexico 8 ESE : E 1. 1.00 0.021 0.018 33 
h=6.8 9 SE : ESE 1.10 1.02 023 .020 33 
10 SSE : SE 1.035 1.025 020 019 33 
11 S : SSE 1,023 1.018 021 019 33 
Panama oS . W:SW 1.045 1.010 .0102 200 
‘ 13 SW:S 1.021 1.016 0149 0155 81 
h=10 14 S:SE 1.041 1.022 0118 0118 145 
15 SE: E 1.025 1.012 0110 0115 149 
16 NE:E 1.062 1.012 025 026 33 
Peru 17 S:SE 1.022 1.045 013 012 136 
18 SE: E 1.03 1.035 013 014 128 
h=6.8 19 SW:S 1,005 1.034 013 012 97 
20 W :SW 1.01 1.018 015 013 103 
21 SW : SE 1.052 1.080 024 018 45 
22 W:E 1.122 1.138 016 015 70 
Arrangement (a) 
Peru 23 30° W:sS 1.050 1.046 0.0063 0.0076 110 
h=6.8 24 45° W:sS 1,069 1.052 .0076 .0082 151 
25 60° W:sS 1.055 1.035 018 021 49 
26 30° S:E 1.041 1.060 .0099 .0086 90 
27 45° S:E 1.061 1,082 .0107 .010 130 
28 60° S:E 1,048 1.062 .023 024 37 
Arrangement (b) 
Peru 29 W:E 1.15 1.165 015 014 71 
h=6 30 SW : SE 1.095 1.10 013 015 50 
31 S:E 1.06 , 1.08 016 014 56 
32 W: 1.052 1,063 019 019 26 
33 SW:S 1,055 1.04 014 014 51 
34 S:SE 1,092 1,055 018 018 35 
35 SE:E 1.01 1.045 014 015 45 
36 W:SW 1.02 1.02 009 .009 112 


slight logarithmic variation with energy given in 
Table V. For electrons of energies which enter 
into the asymmetry at the equator the calculated 
values of » range from 0.02 to 0.05, values less 
than a tenth of 0.50 actually observed. For \50° 
the calculated, absorption coefficients lie in the 
range 0.18 to 0.24, and, though closer to the 
observed value, still lie outside of the range of 
probable errors. Not only does the observed, 
absorption coefficient differ from that calculated 
for the equatorial energies in order of magnitude, 
but there appears to be no perceptible variation 
in this coefficient over a range of primary 


energies differing by a factor of ten. If the primary 
radiation consists of positrons or protons these 
considerations therefore require that energy is lost 
through some other process than the ordinary 
ionization and scattering. 


TABLE V. Absorption coefficients for high energy electrons, 
calculated on basis of ordinary ionization and scattering. 


Xo 0.217 0.306 0.434 0.61 
Electron energies X10~* volt 2.8 5.6 11.2 22.4 
kX 10° volt“ meters of water 1.80 1.71 1.62 1.53 


absorption coefficient per 
meter of water (u) 0.199 0.104 0.055 0.029 
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Moreover, the situation cannot be readily 
explained by supposing the radiation to consist of 
other types of positive particles. Although multi- 
ply charged atomic nuclei would lose energy in 
proportion to the square of the nuclear charge 
and it would be possible in this way to explain the 
high value of the observed, absorption coefficient, 
yet this theory could not account for the 
invariance of the absorption coefficient with 
latitude. If it were possible for heavy nucleus 
primaries to generate secondary electrons at the 
top of the atmosphere of about 10° volts energy 
without themselves appearing in the measure- 
ments these would have about the coefficient 
observed. This theory is not tenable however 
since conservation of energy and momentum 
limits the maximum energy, /, imparted to a 
secondary electron of mass, m, by a nucleus of 
mass, M, and energy, 7, to 


t=(T+2Mc)/[1+mce(1+M/m)?/2T] (8) 


and a secondary electron could receive an energy 
of only 108 volts from a primary 10! volt-proton 
while secondary energies from heavier primaries 
would be still more feeble. The most hopeful 
explanation of the absorption difficulties would 
seem to be some process whereby primary pro- 
tons or positrons lose energy ten times more 
rapidly than would have been expected as a 
result of ionization and whereby the range is 
nearly independent of the initial energy.* 


13. SHOWER PRODUCTION BY CORPUSCULAR RAYS 


Since ordinary ionization is inadequate, it is of 
interest to investigate the production of showers 
as a possible explanation of these difficulties. To 
this end a study was made of the intensity of 


* Footnote added in proof: Simple calculation shows that 
a ray has a probability of 0.50 per water-equivalent-meter 
in air of passing within a distance of 2 10~'* cm from the 
center of a nucleus. Since the radius of the nitrogen nucleus 
for disintegration by alpha-ray bombardment is of the 
order of 5X10-% cm, it seems reasonable to expect a 
corpuscular cosmic-ray, regardless of its energy, to have 
an absorption coefficient at least as great as 0.50 per 
meter due to nuclear collisions alone. For energies less than 
0.6 10° volts the range as limited by ionization losses 
should correspond to absorption coefficients greater than 
this value and should be proportional to the energy. This 
would accord with the absence of magnetic effects at sea 
level at latitudes above \50°. 
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TABLE VI. Intensity of showers at high and low elevations 
in Peru recorded by the apparatus of Fig. 5. 


Counts Probable No. 
Time per errors of 
(minutes) Counts min. R R’ data 
h =10 meters. block X10 cm? 3 cm thick 
Lead on 71 2.46 0.031 0.026 77 
Lead off 56 014 77 
h =6 meters. Lead same as above 
Lead on 234 3623 15.50 0.22 6.17 16 
Lead off 5; 10 824 3.82 .07 .09 14 
h =6 meters. Kou” eel one counter separated 8 ft. 
56 0.55 0.04 0.05 ; 
h =6 meters. ‘lock cm? 8 cm 
Lead on .30 0.065 0.065 47 
Lead off 713 3947 13 -061 -051 48 


showers at two elevations to see if some correla- 
tion exists between the absorption coefficients of 
the corpuscular and of the shower producing 
radiations. For this purpose the arrangement of 
three, coincidence-bundles of counters in Fig. 5 
was used and measurements were made in Peru 
at atmospheric depths h= 6 and 10 meters. At the 
lesser depth, counts were recorded with and 
without lead of two different thicknesses placed 
above the counters as indicated, and at the lower 
elevation only the thinner lead was used. The 
results are recorded in Table VI. Comparing 
shower rates for the two elevations with the 1.3 
cm thick lead block, 15.5 counts per minute were 
obtained at the six meter depth against 2.46 per 
minute at the ten meter depth. Because of a 
decrease in efficiency at the lesser depth, due to 
the increased, individual counting rate of each 
element, the shower rates must be multiplied by a 
factor, 1.1, to make them comparable with the 
sea-level rates. The data tabulated as “‘acci- 
dentals” were obtained with two of the counters 
in vertical contact and the third at a horizontal 
distance of 8 feet. It is quite probable that most 
of these counts are also due to showers, and no 
corrections to the shower rates have been applied 
on this account. These data are valuable, 
however, in showing that true accidentals do not 
contribute appreciably to the counts recorded as 
showers. 

Corrected for efficiency, the shower rates at the 
two elevations are in the ratio 6.9 : 1, compared 
with the ratio 3.78 : 1 of coincidences for three, 
counter-bundles in line at these same elevations 
(see Table X). This means that the showers are 
produced by a radiation which is considerably 
softer than the average. 

Since the apparatus discriminates in favor of 
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Fic. 5. Fic. 6. 


Fic. 5. Arrangement of coincidence counters for recording 
shower intensities. 
Fic. 6, Arrangement of coincidence counters for observing 
asymmetry of shower-producing rays, 


vertical rays, the absorption coefficient of the 
shower-producing radiation can be calculated 
with fair accuracy by the simple exponential law, 


(9) 


The above data with the 1.3 cm lead block thus 
result in an absorption coefficient of the shower- 
producing radiation of 0.49 and the data without 
lead in the value 0.50 per meter of water. With 
the same arrangement in Pennsylvania at sea 
level the coefficient for shower-producing rays 
has been determined from the barometer effect.”* 
The results show a variation of shower intensity 
of 0.54 percent for a variation in barometric 
pressure of 1 mm Hg, and this corresponds to an 
absorption coefficient of 0.41 per meter of water. 

The agreement of these values with the 
coeficient calculated from the asymmetry in 
Section 9, is striking evidence that the corpuscular 
component is the principal source of showers, and 
would suggest that shower-production may be 
the explanation of the anomalous rapidity with 
which these rays are absorbed. 

Further evidence for identifying the shower- 
producing radiation with the corpuscular com- 
ponent has been found in an asymmetry with 
respect to the meridian plane of the directions of 
the shower-producing rays at the equator and 
sea level. For this study the coincident bundles 
were arranged as indicated in Fig. 6. The block 
of lead was inclined 30° from the vertical 
exposing a greater surface to rays incident from 


* To appear soon, 


one side than from the other, and the arrange- 
ment was rotated about a vertical axis back and 
forth between the east and west azimuths at the 
usual intervals. The results are recorded in 
Table VII. 


TABLE VII. Data showing the asymmetry of shower-producing 
rays at sea level on the equator. Area of each counter 
bundle 207.5 cm? lead block 25 X10X1.3 


Counts 
, Counts Probable per min. 
: Time per errors due to 
Azimuth min. Counts’ min. R R’ lead 
East 2144 3392 1.58 0.018 0.018 1.03 
West 2198 3661 1.66 018 018 1.11 
Without lead (Table VI) 0.55 
Ratio W: E 1.08 +-0.025 


= x 


The 0.55 showers per minute, produced in the 
material of the counters and surroundings and 
recorded with no lead, have been subtracted 
equally from both east and west rates to give the 
shower rates due to lead alone. The west rate is 
thus 8 percent greater than the east rate, 
showing an asymmetry of the same order as that 
observed at this location for the total radiation. 
But this value must be regarded as a lower limit, 
since the true asymmetry may be masked to a 
considerable extent by diffuseness of the shower 
particles. These data, therefore, lend additional 
support to the conclusion that the showers are 
produced principally by the corpuscular component. 


14. STUDIES OF THE SHOWER-PRODUCING 
PROCESS 


As other investigators?’ have previously 
pointed out, showers are not produced directly by 
corpuscular rays of which the absorption coeffi- 
cient is the order of 0.50 per meter of water, but 
the process is complex and involves the inter- 
mediary of a much softer radiation. In the 
present measurements the same conclusion is 
reached by comparing shower rates due to lead of 
two thicknesses. Table VIII gives shower rates 
for the 6 meter depth at the equator based upon 
the data recorded in Table VI, but reduced to 
unit lead area in the one case and to unit lead 
volume in the other. 


27 B. Rossi, Zeits. f. Physik 82, 151 (1933). H. J. Bhabha, 
Zeits. f. Physik 86, 120 (1933). J. H. Sawyer, Jr., Phys. 
Rev. 44, 241 (1933). 
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TABLE VIII. 


Dimensions Shower rate Rate per Rate per 
of lead due to lead unit unit vol. 
5 cm X20 cm 
X3.8 cm thick 2.17 per min, 022 .0057 
10cm X25 cm 
- 1.3 em thick 11.68 per min. 047 .039 


Under both reductions the thin block has the 
greater effect and this is interpreted that the 
intermediary rays which produce the showers 
have a higher equilibrium intensity in air than 
in lead and their reduction by the thick lead is 
several times that by the thin. 

It has been suggested?* that shower producing 
intermediaries are non-ionizing rays of the nature 


Fic. 7. Arrangement of coincidence counters for in- 
vestigating ionizing character of shower-producing, inter- 
mediary rays. 


of photons or neutrons. ‘To make a test of this 
suggestion an experiment was made at the 6 
meter depth on the equator, using the arrange- 
ment represented in Fig. 7. Triple coincidences 
were recorded (1) with the lead block in position 
(a), (2) with the lead block in position (b), and 
(3) without lead. Assuming the shower particles 


28 G. L. Locher, J. Frank. Inst. 216, 673 (1933). Blackett 
and Occhialini, Proc. Roy. Soc. A139, 699 (1933). Bhabha, 
reference 27, 
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to continue principally downwards, the counts 
recorded with the lead in position (b) must be 
due for the most part to ionizing primaries which 
have themselves passed through the upper 
counter and subsequently have generated a 
divergent shower in the lead. Counts recorded 
with the lead in the upper position, on the other 
hand, include showers produced by both ionizing 
and non-ionizing rays without discrimination. A 
summary of the results is contained in Table IX, 


TABLE IX. 
Time Corrected 
(minutes) Counts Rate rate, 
(1) Lead above 
position (a) 145.4 780 5.36+.17 5.36 
(2) Lead below 
= (b) 186.7 567 3.04+.086 4.13 
(3) No lead 76.8 84 1.09+.11 


Dimensions of lead 25 cm X10 cm X1.3 cm 
Dimensions of counters 20 cm X5 cm, separated 16 cm 
vertically 


Without lead most of the showers recorded 
presumably originate in the material of the upper 
counter. From these, the lead in position (b) 
tends to shield the lower counters. On the other 
hand the 1.3 cm of lead in position (a) would have 
small effect in stopping intermediary shower- 
producing rays from generating the same number 
of rays in the material of the upper counter as are 
recorded without lead. The “‘no lead’’ data have 
therefore been used as an additive correction only 
to the counts recorded for position (b). The 
corrected shower rates recorded in the last 
column of Table [X indicate practically as many 
showers in the lower as in the upper position of 
the lead, and this is interpreted that most of the 
intermediary rays are ionizing.* The slight excess 
recorded in the upper position could be accounted 
for by portions of the lead in this position 
protruding beyond the sides of the counter and 
being effective for the production of recorded 
showers because of the divergence of the shower 
particles. This process is illustrated by ray paths 
represented in Fig. 7. 


*It must be emphasized that this conclusion depends 
upon the above assumption that the showers proceed 
principally downwards, and, should this be found not to be 
the case, the experiment would lose in significance. 
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TABLE X. Zenith-angle distributions at two elevations on the equator. 


IV 
Analysis of Vv 
I II III B. M. & N. One component 
Zenith- Time Counts No. of Probable Error Corrected j(z) correctedfor , analysis 
angle min. Counts per min. data R 4 rate F(z) X10° showers j =299 e354 secs 
Sea level, k = 10 meters 
p 1328 9618 7.25 42 0.052 0.050 7.25 0.00133 9.65 9.65 

15° 291 1991 6.85 16 = 0.10 0.10 6.85 .00132 9.01 8.92 
30° 1432 7603 5.30 48 0.049 0.041 5.30 .00130 6.90 7.08 
45° 1224 4277 3.49 69 0,032 0.036 3.49 .00128 4.47 4.97 
60° 360 676 1.88 24 0.037 0.046 1.88 .00125 2.36 2.98 
75° 433 254 0.59 10 0.022 0.025 0.59 00123 .73 99 

14,200 ft. h=6 meters 

0° 1262 30477 «24.10 98 0.091 0.093 27.40 sameas 36.4 36.4 36.4 
15° 476 10448 21.90 340.15 0.15 24.80 above 32.8 33.7 33.8 
30° 526 8580 1630 38 0.124 0.120 18.45 24.1 24.9 26.8 
45° 520 5181 9.97 36 («00,093 11.28 14.4 14.4 15.4 
55° 245 1570 640 18 0.076 0.125 7.25 9.13 8.70 7.68 
60° 801 3973 495 57 0.057 0.053 5.60 7.00 6.55 4.47 
75° 493 960 1.95 35 0.041 0.042 2.20 2.72 2.42 09 
90° 249 160 64 17 0.051 0.033 72 .90 0 0 


15. COMPARISON OF THE TOTAL CouNT-INTENSI- 
TIES AND DISTRIBUTION WITH RESPECT TO 
ZENITH-ANGLE AT 6 AND 10 
METER DEPTHS 


A study of the distributions of the cosmic 
radiation in zenith-angle at different elevations 
was begun in 1932 by the writer?® on Mt. 
Washington, using the  coincidence-counter 
method. Previously Steinke*® had made a similar 
study with a partially shielded electroscope. In 
continuation of the former work, the measure- 
ments recorded in Table X were made in Peru at 
elevations of 14,200 ft. and sea level correspond- 
ing approximately to depths of 6 and 10 meters. 
For these measurements, the counter train was 
oriented in the north azimuth. 

Since the data for each location were obtained 
in a continuous run, the relative values for 
different zenith-angles are, without question, 
correctly measured. In making comparisons 
between the intensities for the two locations it is 
necessary to consider the possibility of changes of 
sensitivity. Thoroughly reliable results would 
require the transportation of the instrument back 
and forth from one location to the other several 
times, to insure against possible changes of 
sensitivity. Since it was inconvenient to do this, a 
check was obtained by making the measurements 


** T. H. Johnson, Phys. Rev. 43, 307 (1933). 
* E. G, Steinke, Zeits. f. Physik 48, 647 (1928). 


at each location with two instruments. Since no 
important change in relative sensitivity of the 
two instruments occured during transportation 
it is assumed that both remained constant, 
except for the change due to different counting 
rates of each element at the two elevations. This 
change in sensitivity is associated with recovery 
time and can be accurately determined by 
artificially raising the counting rates of each 
element, using radium, at the lower elevation to 
the high elevation rates and noting the effect of 
this on the number of cosmic-ray coincidence- 
counts. In this way it was found necessary to 
multiply the high elevation counts by the factor 
1.13 to make them directly comparable with the 
low elevation counts. The counts per minute cor- 
rected for this effect are recorded in column II. 

If the angular aperture of the counter train 
were infinitesimal, counting rates would convert 
into intensities, j(z), through division by area and 


‘solid angle of the train. With the arrangement 


used, a correction for finite length of counters is 
required as previously described.*® The conver- 
sion factors are functions of zenith-angle and are 
recorded as F(z) in the table. These convert 
counts per minute into intensities, j, defined as 
the number of rays per cm* per unit solid angle 
per sec. (column ITI). 

The distributions at the two elevations are 
shown graphically in Fig. 8 where sea-level 
rates have been increased by the factor 3.78 to 
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Fic. 8. Intensity vs. zenith-angle for two elevations at 
the equator. Dots, observations for depth h=6 meters; 
circles, seal-level observations 3.78; curve I, modified 
analysis of Bowen, Millikan and Neher for h=6 meters; 
curve II, same analysis 3.78 for h=10 meters. 


bring vertical rates for the two elevations to the 
same value. A greater concentration about the 
vertical is observed at the higher elevation, and 
since any homogeneous radiation would become 
more broadly distributed in zenith-angle at the 
higher elevation, the observed, reverse effect is an 
indication of the composite nature of the 
radiation and of the existence of an intense, soft 
component, already revealed by electroscope 
measurements. 

The distribution of a single component of 
coefficient is represented by 


and the distribution of a composite radiation, by 
the sum of a number of such terms corresponding 
to the several components. The four components 
given for the radiation at the equator by Bowen, 
Millikan and Neher and expressed in terms of 
ions per cc in normal atmospheric air due to 
radiation included in unit solid angle, are 
(1) 0.0318 e-%0075 A sec (IT) 0.303 see z 
(IIT) 1.83 see and (IV) 159 see 2 
where h is expressible in meters of water. As- 


THOMAS H. 


JOHNSON 


suming the ratio of count-intensity to ion- 
intensity to be the same for each component, the 
intensities at different zenith-angles have been 
calculated by summation of the above terms. If 
the calculated intensities are adjusted to agree at 
the zenith with that observed at sea level, they 
are too high by a factor 1.20 to agree with the in- 
tensities observed at h = 6 meters. In other words, 
rays counted at a depth of 6 meters produce, on the 
average, 1.2 times as many ions as rays counted ata 
depth of 10 meters. This effect also appeared as a 
result of the Mt. Washington studies. The 
phenomenon may be simply understood, as sug- 
gested in the earlier paper, in the following 
way. The component (IV) of the above analysis 
represents 65 percent of the total ionization 
at the six meter depth and in all probability, 
as shown in Section 10, consists of positive, 
corpuscular, shower-producing radiation. Since 
a shower is recorded in an electroscope in pro- 
portion to the number of ionizing rays asso- 
ciated with it, whereas it can never produce 
more than a single count on the coincidence- 
train it follows that this component must have a 
different ratio of counts to ions than that which 
holds for the other harder components which are 
not shower-producing. For comparison with 
counter measurements, therefore, the intensity 
of this one component requires modification. If it 
is arbitrarily supposed that for each ray of this 
component which is counted, 1.82 rays on the 
average would have passed through the ioniza- 
tion chamber, then the ion-intensity factor 159 
should be divided by 1.82 to give a count-inten- 
sity factor bearing the same ratio to ion-intensity 
as that which holds for the other components. 
With this modification, the intensity of compo- 
nent IV is given by the factor 87.2 and the result- 
ant intensities, in this instance adjusted by the 
same factor to agree with zenith intensities at 
both elevations, are given in Table X column IV, 
and plotted as curves I and II, Fig. 8. Although 
the agreement with the observed values is im- 
proved by this modification, there are still sys- 
tematic discrepancies between observed and 
calculated intensities at sea level indicating the 
necessity of further slight modifications in the 
constants of some of the above components. 
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16. CONCLUSION 


In conclusion, these studies show that the 
primary corpuscular component of the cosmic 
radiation in the energy range 0.5 to 5X 10" volts 
is very largely and probably exclusively positive. 
The intensity and the absorption coefficient of 
the positives identify them with the intense soft 
component which has been found to contain over 
90 percent of the total radiation incident at the 
top of the atmosphere, and there remain at 
most but a few percent to be accounted for in 
some other way, possibly as a photon component. 
The basis for speculation as to the origin of the 
cosmic radiation and its energy content thus 
takes on a new aspect. In the first place it would 
be difficult to reconcile these findings with the 
hypothesis that the corpuscular rays are gener- 
ated in interstellar matter by primary photons, 
since this process would produce negatives as well. 
Also radioactive processes, annihilations and 
transformations of nuclei, would have been ex- 
pected to yield positives and negatives in nearly 
equal numbers. A remaining possibility is that of 
an electric field to accelerate positive, interstellar, 
gas ions in the direction of the earth. A radial 
field about the earth as center would produce 
rays with original directions limited to the 
zenith, and deflections in the magnetic field 
would produce a spread of directions between the 
meridian plane and the west horizon, with no 
possibility of rays entering from the east. The 
observed distribution could be accounted for if 
the field were due to a negative space charge 
pervading and surrounding the galaxy. Sug- 
gestions for the maintenance of charge on stellar 
bodies have been made by Swann* and Franck* 
and Swann has discussed the distribution of space 
charge resulting from the emission of negatives 


3tW. F. G. Swann, Phys. Rev. 45, 295 (1934). 
% J. Franck, Discussion at Boston Meeting of Am. 
Phys. Soc. held December 28-30, 1933. 


from positively charged bodies. On the other 
hand, Gunn* has raised objections against the 
existence of interstellar fields. 

If cosmic-ray energies are acquired by acceler- 
ation in stellar or galactic fields, estimates of the 
total energy content, based upon the assumption 
of uniform distribution of the radiation through- 
out space, will require revision. 
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Be-radon sources, which utilize as high as 1800 milli- 
curies of radon, and probably emit about 2 to 3 million 
neutrons per second, were used with an ionization chamber 
and an amplifier system capable of detecting individual 
neutrons in the presence of the gamma-radiation, to 
investigate the emission and the properties of neutrons. 
The energy distribution of the neutrons emitted under the 
bombardment of the three groups of alpha-particles 
present has been studied, and the results analyzed in terms 
of a number of neutron groups, which are discussed in 
terms of transitions involving neutrons and gamma-rays, 
with at least one, and possibly two resonance levels. The 
maximum energy of the neutrons appears to be about 
14.2 MEV, and indicates a neutron mass of about 1.0068. 
Deuterium-radon and zinc-radon have been found to give, 
if any, less than 1 percent of the number of neutrons 
emitted by Be-radon. The interaction of high energy 


neutrons with matter seems to be largely one of approxi- 
mately elastic collisions with atomic nuclei, resulting in 
scattering of the neutrons. The scattering of neutrons has 
been studied using interposed cylindrical specimens to 
scatter neutrons away from the ionization chamber, and 
using ‘toroidal specimens to scatter neutrons into the 
ionization chamber. The collision areas computed from 
the scattering measurements increase with atomic weight 
in a manner that indicates that the effective volume of the 
nucleus is proportional to its atomic weight, but the 
classical elastic sphere collision theory is inadequate, and 
a wave theory of scattering must be used to obtain con- 
sistent quantitative results. The neutron “radius” indi- 
cated is of the order of 1.2X10-" cm, and the nuclear 
radii appear to vary about as (atomic weight)!, ranging 
from 2.5 X10-" cm for lithium to 7.8 x 10~" cm for lead, 


HE availability of large amounts of radon 
through the generous cooperation of Dr. 

G. Failla and the Memorial Hospital, has made 
possible the use of the comparatively high in- 
tensity neutron sources which were necessary in 
these investigations. The sources used in most of 
the work consisted of 3 to 4 mm diameter glass 
bulbs packed with fine Be filings, and filled with 
as much as 1800 millicuries of radon. Since alpha- 
particles from radon, Ra A, and Ra C’ are 
present, the beryllium is bombarded by the 
equivalent of more than 5400 millicuries of 
polonium. The total emission appears to be of 
the order of two to three million neutrons per 
second, depending on estimates of the efficiency 
of detection. A source of this type, small in size, 
highly efficient in its use of alpha-particles, and 
giving a large neutron emission uniformly in all 
directions, has advantages for certain types of 
experiments over the Po-Be sources of the order 
of 25 millicuries strength used by Chadwick,’ ? 
or those of about 150 millicuries strength used 


1 Chadwick, Proc. Roy. Soc. A136, 692 (1932). 
? Chadwick, Proc. Roy. Soc. Al42, 1 (1933). 


by Curie-Joliot.*: ‘> In general, sources using 
radon and its equilibrium products do not lend 
themselves readily to experiments in which it is 
desirable to control the energy or direction of the 
alpha-particles, and the gamma-radiation com- 
plicates the detection problems somewhat. 


DETECTION OF NEUTRONS 


The neutron, as has been shown by various 
investigators, causes no appreciable direct ioniza- 
tion, but it is detectable through the ionization 
produced by any light nucleus projected by 
neutron impact from the gas in the ionization 
chamber, from the chamber walls, or from 
materials such as paraffin placed outside the 
chamber window. The kinetic energy transferred 
to the struck nucleus decreases with increasing 
atomic weight, and depends on the neutron 
energy, the direction of projection, and the 
nature of the interaction, while the observed 


3 Curie-Joliot, Comptes Rendus 194, 1224 (1932). 

* Curie-Joliot, J. de Physique 4, 21 (1933). 

5 de Broglie, D L’Tour, Le Prince Ringuet, Thibaud, 
Comptes Rendus 194, 1037 (1932). 
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NG pc hUT -—— osc. The initial pulse due to the collection of the 
—_o Parry FOUR ions produced in the chamber by the projected 
fs P| | e. particle was first amplified by a slightly modified 
V THY. W.E. 259A tetrode, which was adopted after 
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Fic. 1, Schematic drawing of apparatus. 


jonization in a given chamber depends on the 
energy of the projected particle, its ionization 
per unit path (which increases with atomic 
weight), and the fraction of the total path lying 
within the chamber. Thus in a shallow chamber, 
the apparent ionization by a projected hydrogen 
nucleus (proton) may be less than that due to a 
short range, highly ionizing nitrogen nucleus. 
_A_ so-called linear amplifier system, with 
proper precautions, permits the detection of 
these projected nuclei in the presence of strong 
gamma-radiation. The features of design neces- 
sary to provide the required high sensitivity, 
high resolution, and discrimination against 
gamma-radiation are desirable in most linear 
amplifiers.*: 7. * Fig. 1 shows the schematic ar- 
rangement of the apparatus for the detection of 
the neutrons. The source is placed in an approx- 
imately spherical platinum container at JN. 
After traversing the 3 cm of lead normally inter- 
posed at G to cut down the gamma-radiation, a 
few of the neutrons, probably less than 1 out of 
1000, passing through the paraffin disk at P 
make impacts which project protons into the 
ionization chamber at C. The rapid collection of 
the ions produced by a projected proton causes 
a sudden change in the potential of the collector 
and the grid of the vacuum tube. 7, and this 
small pulse is then amplified linearly until it is 
capable of operating recording instruments. The 
ionization chamber C was of the parallel plate 
type, 1 cm deep, and 2 cm in diameter, with a 
window of about 1 mm air equivalent, and 
sharply defined effective volume. The copper 
walls and Bakelite supports were made thin to 
reduce the scattering of neutrons into the 
chamber by adjacent matter. A collector poten- 
tial of 1000 volts or more insured quick collection 
of the ions. 


® Wynn-Williams, Proc. Roy. Soc. A131, 391 (1932). 
7 Dunning, Phys. Rev. 43, 380 (1933). 
5 Darrow, Bell Syst. Tech. J. 13, 102 (1934). 


some experimentation because of its low noise 
level, low dynamic capacitance, low grid current, 
and non-microphonic characteristics. It is im- 
portant however, that the internal grid current 
be made larger than the average value of the 
total ionization current from all causes for stable 
operation. The pulse was further amplified 
linearly in a four stage amplifier in which both 
high and low time-constant coupling circuits 
were used to increase the resolution, and to 
minimize the back-wave, the overall frequency 
response being approximately peaked in the 
region containing most of the energy of the 
pulse. The gain was held constant within about 
1 percent over long periods by the use of balanc- 
ing networks, large batteries, long-life tubes, and 
constant room temperatures, with slight read- 
justments in accordance with accurate gain 
measurements. The highly amplified pulse was 
recorded simultaneously on both an oscillograph- 
camera system, and a Thyratron system operat- 
ing an impulse counter. To increase the resolu- 
tion, the moving light beam oscillograph was 
designed to have a natural frequency above 
5000 cycles, its sensitivity being about 0.5 mm 
per m.a. 

Typical oscillograph records are shown in 
Fig. 2. The horizontal lines are 1 mm lines 
recorded for measuring purposes, and the lower 
dots are 1 minute timing marks. The base-line 
has a width of about 1 mm, the slight fogging 
near it being due to a small amount of scattered 
light from the optical system which shows up 
at very slow film speeds. The deflections are 
almost directly proportional to the ionization 
produced by the particles. Protons passing 
through the chamber at the optimum point of 
their range-ionization curve (near the end of 
their range) produce the maximum deflections of 
the size shown in 2b, while high energy protons 
which produce little ionization, protons just at 
the very end of their range, or protons crossing 
the corner of the chamber at a bad angle, produce 
small deflections. 

The record by Be-neutrons shows the fluc- 
tuating background at the base-line produced 
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Fic. 2. Typical oscillograph records: 

a. Alpha particles from polonium, reduced sensitivity. 
b. Al-Po protons. 

c. Be-radon neutrons. 


by strong gamma-radiation. The secondary 
electrons caused by the gamma-radiation produce 
an ionization per cm of path too small to record 
individually, but since it is impossible to attain 
infinitely high resolution in such an amplifier, 
when very intense sources which produce large 
numbers of secondary electrons are used, the 
gamma-radiation does show up to some extent, 
through the small statistical fluctuations in the 
comparatively large ionization current due to 
these secondary beta-particles, because some of 
these fluctuations resolve into frequency com- 
ponents lying in the band passed by the amplifier. 
The effective d.c. ionization current component 
is suppressed, and both the high and low fre- 
quency components are highly attenuated, so 
that while the gamma-radiation produces very 
little effect, the pulses due to protons show up 
practically the same as in 2b. In other words, 
2000 ions suddenly produced by the entry of an 
ionizing particle will be collected and recorded in 
about 1/5000 of a second, but 1,000,000 ions 
from gamma-radiation collected more or less 
uniformly over a period of one second will not be 
appreciably recorded. The pulses in Fig. 2c are 
due to two main distributions of particles. 
Protons projected by neutron impacts from the 
disk of paraffin in front of the chamber produce 
a distribution of proton deflections much like 
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Fig. 2b, while oxygen and nitrogen nuclei pro- 
jected from the air in the chamber produce 
another distribution in size of deflections. Those 
deflections which are above the maximum size 
possible for a proton, as shown in 2b, are clearly 
due to the large, highly ionizing projected nuclej 
from the air in the chamber. 

Because of the small fluctuations near the 
base-line due to gamma-radiation, the relative 
numbers of neutrons entering the chamber during 
an experiment are determined by first picking as 
a new base-line some horizontal line definitely 
above any gamma-ray disturbance, and then 
counting only those deflections which are greater 
than that height. These deflections are then 
clearly due to nuclei projected by neutrons, and 
hence their number is proportional to the number 
of neutrons passing through chamber. This is 
quite satisfactory in practice, although in any 
case probably not more than 1 in 1000 to 3000 
neutrons passing through a chamber of this type 
project nuclei whose ionization is detectable. The 
neutron detection efficiency is some function of 
the neutron energy which probably has a maxi- 
mum in the region of 0.5 to 3.0 MEV, falling off 
at high energies, partly because of a small 
reduction in the neutron collision cross section, 
but largely because of the small ionization per 
cm of path by high energy protons, and on the 
other side, approaching zero as the neutron 
energy is reduced to the point where the pro- 
jected protons no longer enter the chamber and 
produce appreciable ionization. The thickness of 
the paraffin further complicates this factor. As 
discussed in a later section, it appears that the 
collision cross section for neutrons with heavy 
nuclei probably does not vary with velocity a 
great deal over the range of velocities encoun- 
tered, but the variation for protons is not clear 
as yet. If the probability of inelastic impacts of 
the neutrons with protons or other nuclei is some 
function of the neutron energy, this factor may 
also play some part. The presence of many 
particles giving small deflections, as shown on 
the oscillograph record, makes constant gain 
very important under these counting conditions, 
and in addition, the first or last tubes must not 
move appreciably from their normal operating 
points because of the gamma-radiation. 
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Thyratron circuits of both the single tube self- 
terminating type, and the two tube “‘scale of 
two” type® have been used to operate impulse 
counters with a resolution of about 1/150th of a 
second. The circuit is connected in parallel with 
the oscillograph, and is set to count only those 
pulses that are greater than some minimum 
amplitude which is definitely above any gamma- 
ray disturbance. By using W.E. 256A argon 
filled grid control tubes to avoid the high tem- 
perature coefficient of the mercury type, and a 
constant voltage power supply, these recorders 
proved fully as reliable as the oscillograph- 
camera system, and a great deal more convenient. 


NEUTRON EMISSION 


A study of the distribution-in-range of the 
protons projected from a disk of paraffin 2 mm 
thick placed 1.5 cm from the chamber has been 
made in order to throw some light on the 
problem of the energy spectrum of the neutrons 
emitted on bombardment of beryllium nuclei by 
alpha-particles from radon, Ra A, and Ra C’.'® © 
In an elastic impact in which the proton is 
projected directly forward by the neutron, the 
neutron will communicate all of its energy to 
the proton, assuming that the masses are approx- 
imately equal. Under ideal conditions, with a 
parallel beam of neutrons, a negligibly thin 
layer of paraffin, and detection restricted to 
protons projected directly forward, a, study of 
the distribution-in-energy of the protons would 
accurately indicate the distribution-in-energy of 
the neutrons, but unfortunately such studies 
must be made under severe limitations. This 
type of neutron source is sufficiently strong so 
that it may be placed 25 to 30 cm from the 
chamber, and a reasonably parallel beam of 
neutrons obtained, but the chief difficulty is 
that the number of projected protons must 
always be determined from the in¢rease in the 
number recorded when the paraffin disk is 
placed in position, over the number recorded 
when the paraffin is removed, this comparatively 
large residual number representing nuclei pro- 
jected from the air in the chamber or from the 


*Wynn-Williams, Proc. Roy. Soc. A136, 312 (1933). 
1° Dunning and Pegram, Phys. Rev. 45, 295A (1934). 
" Darrow, Rev. Sci. Inst. 5, 66 (1934). 
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Fic. 3. Distribution in range of protons projected by Be- 
radon neutrons, 


chamber walls. Hence the paraffin must be large 
enough, thick enough, and close enough to give 
a definitely measurable increase in the counts, 
thus making ideal conditions impossible. How- 
ever, in spite of these limitations, and those 
arising from the variation of detection efficiency 
with neutron energy, it is possible to obtain a 
good deal of information from such investiga- 
tions. 

Fig. 3 shows how the number of protons 
recorded per minute varies with the air equiv- 
alent of the thickness of mica or copper intro- 
duced in the path. The number of protons per 
minute was obtained by subtracting the average 
number of deflections per minute, due largely to 
projected oxygen and nitrogen nuclei, which 
were recorded when the paraffin was not present. 
The points are plotted from readings each of 
which contain 1000 to 3000 counts, and the 
vertical lines indicate an estimated probable 
error. Since a proton causing ionization less than 
a certain amount is not counted, as explained 
before, and since a proton produces more 
ionization near the end of its range, the results 
in Fig. 3 are weighted in favor of protons near 
the end of their range, thus making what might 
be called a ‘‘semi-differential’’ curve, tending 
somewhat to convert a continuous distribution 
of neutron energies into a “‘plateau,”” and prob- 
ably emphasizing the end of a velocity group. 

While the probable error of the points plotted 
is such that no very close analysis is justified, 
any smooth curve drawn through the points 
indicates clearly a number of groups. There 
appears to be a broad group containing a large 
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number of protons with a maximum range of 
about 30 cm, corresponding to neutrons with 
about 4.8 MEV maximum energy. A group of 
about 50 cm range also appears to be present 
corresponding to neutrons of about 6.5 MEV 
maximum energy, and also one with a maximum 
range of about 70 to 75 cm corresponding to 
about 8 MEV neutrons. In addition, low energy 
groups of the order of 0.5 to 1.5 MEV are sug- 
gested by the form of the curve. 

In extending the curve to the upper limit, on 
account of the small number of projected protons 
present, it was necessary to enlarge and thicken 
the paraffin, sacrificing the angle conditions 
somewhat, and also to place lead around the 
source to increase the total recorded number of 
neutrons by scattering. A long series of readings 
covering more than 200 hours was necessary to 
get sufficient precision to be at all significant. 
The results are shown in Fig. 4, which indicates 
both the background without paraffin, and the 
additional protons recorded with the paraffin in 
position. 

From the measurements as plotted, it seems 
probable that there is a definite decrease in the 
number of protons beyond 160 cm range, cor- 
responding to about 12.5 MEV neutrons, and 
that some neutrons are capable of projecting 
protons a little more than 2 meters through the 
air, which corresponds to about 14.2 MEV 
neutrons. There is no indication that the addi- 
tional secondary beta-radiation from the paraffin 
when it is placed in position is producing appre- 
ciable disturbance. 

If we assume the reaction: 


sBe®+ e2He*+ Ta eC? + + Ts 


on the basis of O:,= 16, taking the energy of the 
alpha-particle corresponding to Ra C’ (7.68 
MEV), making allowance for 7;, the kinetic 
energy of the recoiling C” nucleus, and using the 
mass values for He‘, C”, and Be® given by 
Aston,” and Bainbridge," then the neutron mass 
indicated by the protons with a maximum energy 
of about 14.2 MEV is approximately 1.0068, 
fairly close to the original value suggested by 
Chadwick. However, on account of the uncer- 


#2 Aston, Mass-Spectra and Isotopes. 
8 Bainbridge, Phys. Rev. 43, 36 (1933). 
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Fic. 4. High energy protons projected by Be- 
radon neutrons, 


tainties in the mass values as estimated by 
Aston and Bainbridge, and also the uncertainty 
in the maximum energy of the neutrons from 
Fig. 4, the neutron mass on this basis might be 
in error by as much as +0.0010, making possible 
a neutron mass as large as that of the proton, or 
considerably less. 

No higher energy protons could be found in a 
long search, and this would indicate that the 
neutron mass is not lower than that estimated 
above, although admittedly such higher energy 
protons would not have been discovered had they 
been very few in number. There might be some 
question as to the effect on such measurements 
of a possible increasing probability of inelastic 
impacts with protons at very high neutron 
energies. It is also true that the above result 


-only sets an upper limit to the mass of the 


neutron in this reaction, since it assumes that 
no energy is given off in some other form, such 
as gamma-radiation, but when these results on 
beryllium, those of Chadwick on boron,':? and 
those of Rutherford, Oliphant and Kinsey on 
lithium,“ appear to be consistent with a 
neutron mass very close to the same value, it 
seems a little difficult to reconcile this value with 
the very high value of about 1.012 suggested by 
Curie-Joliot,!® or the very low value of about 


1.0002 suggested by Livingston, Henderson, and 


4 Rutherford and Oliphant, Proc. Roy. Soc, A141, 259 
(1933). 

18 Rutherford, Oliphant and Kinsey, Proc. Roy. Soc. 
Al41, 722 (1933). 

6 Curie-Joliot, Comptes Rendus 197, 237 (1933). 
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Lawrence,'’: ' '8 although more recently not 
supported by them. While the complete picture 
of what is happening in all of these cases is not 
entirely clear, the question arises as to whether 
the mass of the neutron may appear to have two 
or more different values in different reactions, 
and also as to the possibility of the ‘‘neutrino”’ 
playing some part in the process. 

The emission of neutrons from such a Be-radon 
source is complicated by two major factors. The 
thickness of the beryllium results effectively in 
there being three distributions of alpha-particle 
energies: radon 0 to 5.44 MEV, Ra A 0 to 5.97 
MEV, and Ra C’ 0 to 7.68 MEV. Thus in com- 
parison with the Po-Be case studied by Chad- 
wick,” Curie-Joliot*: ‘ and others, since radon and 
Ra A give approximately the same energy, we 
have, roughly speaking, a double group of alpha- 
particles with an energy slightly greater than Po 
(5.25 MEV), and a single group with about 2.4 
MEV more energy than Po. Furthermore, since 
the alpha-particles have every possible direction, 
we have the complete range from ‘‘forward’’ to 
“backward” emission. This might be expected to 
leave the maximum ‘“‘forward”’ energy of a group 
unchanged, and if there is the same probability 
of emission in all directions, should result in an 
energy difference between the upper and lower 
limits of a group dependent on conservation of 
momentum and energy considerations, and upon 
the nature of the emission process. 

The work of Rasetti,’® Bernardini,?° and 
Chadwick? on the “‘excitation function” of Be® 
has suggested that at least one, and possibly two 
resonance levels are present, of the order of 1.4 
and 2.5 MEV, and that so-called penetration 
over the potential barrier begins at about 3.5 
MEV.*! The work of Becker and Bothe” on the 
gamma-ray emission has seemed to indicate that 
this is a parallel process, but that the energy of 


" Livingston, Henderson and Lawrence, Phys. Rev. 44, 
781 (1933). 

“« Lawrence and Livingston, Phys. Rev. 45, 220 (1934). 

8 Lewis, Livingston, Henderson and Lawrence, Phys. 
Rev. 45, 497 (1934). 

1® Rasetti, Zeits. f. Physik 78, 165 (1932). 

2° Bernardini, Zeits. f. Physik 85, 555 (1933). 

*t Kirsch and Slonek, Naturwiss. 21, 62 (1933). 

*2 Becker and Bothe, Naturwiss. 20, 349 (1932); 20, 757 
(1932), 


the hard gamma-ray is independent of alpha- 
particle energy. The energy of the gamma-radi- 
ation is uncertain, but their measurements 
suggest that it is of the order of 5 MEV or more. 
Chadwick has suggested that this energy may 
be about 7 MEV. 

Complete pictures of the nature of nuclear 
processes are of course quite impossible at the 
present time, but from the material available, it 
is possible to make a tentative diagram for the 
Be-radon case!’ which probably has some value, 
since it appears to offer some correlation of the 
energy relations shown in Figs. 3 and 4, even 
though it must lean heavily on a questionable 
model involving resonance levels and potential 
barriers. 


BE - RADON DISINTEGRATION 


Fic. 5. Possible energy relations for Be-radon reaction. 


With a so-called potential barrier height of 
about 3.5 MEV, alpha-particles from radon with 
energies of 3.5 to 5.44 MEV, from Ra A with 
energies of 3.5 to 5.97 MEV, and from Ra C’ 
with energies of 3.5 to 7.68 MEV may enter the 
nucleus. The new system may then return to its 
“normal” level by emitting a neutron with a 
kinetic energy appropriate to the mass-energy- 
momentum relations involved. The values shown 
on the diagram are for total energies with 
“forward”’ emission, and a correction must be 
subtracted for the energy of the recoiling C™” 
nucleus. Group A, from radon, would thus result 
in neutrons with energies ranging from about 
10.1 to 12.0 MEV, Group B, from Ra A: 10.1 to 
12.5 MEV neutrons, and Group C, from Ra C’: 
10.1 to 14.2 MEV neutrons. Groups A and B 
may correspond to the broad group of protons 
which seems to have a maximum range of around 
165 cm in Fig. 4, while Group C corresponds well 
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with the protons of about 200 to 210 cm range. 
On account of the small difference in energy, the 
neutron groups due to radon and Ra A alpha- 
particles would hardly be resolved under the 
experimental conditions. 

The presence of the high energy gamma- 
radiation of quality independent of the a- 
particle energy noted by Becker and Bothe 
suggests the existence of a common excited 
gamma-ray level, which to fit this case should 
have a total energy of about 7 MEV. We may 
then expect an alternative process to that in 
Groups A, B, and C, which (making allowance 
for the rather considerable recoil energy of the 
C” nucleus) gives transitions in which the 
system, after emitting a neutron, with part of 
the available energy, is left in an excited state, 
and then returns to normal by emitting a gamma- 
ray of the proper energy. This would result in 
transitions of the type shown in the second 
series: Group D: 2.7 to 4.4 MEV neutron+7 
MEV y from radon, Group E: 2.7 to 4.9 MEV 
neutron+7 MEV y from Ra A, and Group F: 
2.7 to 6.5 MEV neutrons+7 MEV y from Ra C’. 
Groups D and E, which would be unresolved, 
correspond quite well to the broad 30 cm group 
of protons in Fig. 3, while Group F fits the 50 
cm group reasonably well. These transitions are 
probably similar to those occurring in Be-Po 
which results in protons with a range of the 
order of 23 to 24 cm, as shown by the results of 
Chadwick,? the energy difference being about 
what one might expect from the higher energy 
alpha-particles. 

In the case of the resonance levels, the same 
processes might be expected to occur. Alpha- 
particles entering the nucleus through the first 
level might result in Group G: 7.8 MEV neutron, 
and Group H: 0.7 MEV neutrons+7 MEV y, 
while the second resonance level might result in 
Group J: 9.1 MEV neutrons, and Group J: 1.5 
MEV neutrons+7 MEV y. Group G corresponds 
fairly well to the 70-75 cm group of protons, 
while Groups H and J may account for the low 
energy groups suggested by the form of the curve 
in Fig. 3. Low energy neutron groups are also 
suggested by the cloud-chamber results of 
Feather with Be-Po.** While Group J does not 


23 Feather, Proc. Roy. Soc. Al42, 3 (1933). 
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show up definitely, it may be simply obscured on 
account of the low precision in that region, or it 
may indicate that only one resonance level js 
actually present. Group G also fits well with a 
70-75 cm group of protons noted by Curie- 
Joliot, and which Chadwick also suggests, from 
Be-Po. This might be expected if this group is 
due to a resonance level. 

While the variation in the efficiency of detec- 
tion with neutron energy probably distorts 
somewhat the relative numbers apparently 
present in the groups, reducing the apparent 
number present in the upper energy groups, and 
also in the low energy groups, it appears that the 
probability of transitions involving both neutron 
and gamma-ray emission is considerably higher 
than those in which all the energy goes into the 
neutron. The reason for this is not apparent at 
present. It is possible that there may be two 
excited gamma-levels, which would make possible 
lower energy gamma-ray emission. The picture 
presented is probably very incomplete, although 
it does have rather good qualitative agreement 
with the curves in Figs. 3 and 4. Undoubtedly 
some of the gamma-radiation might be expected 
to be internally converted into electron-positron 
pairs, of the type suggested by Blackett,™ and 
Oppenheimer,’*: ** but the probability of internal 
conversion could hardly be large. The emission 
of nuclear positrons from Be does not seem to 
have been completely established, but it can 
hardly be of the same order of magnitude as the 
neutron emission. It is also conceivable that there 
may be other modes of disintegration possible, 
such as processes involving non-capture of the 
alpha-particle, or a complete break-up into two 
alpha-particles and a neutron, as there is con- 
siderable available energy in the latter process. 

In the transformations studied so far involving 
supposed ‘‘capture” of the impinging particle, 
the assumption has usually been made that the 
break-up of the resultant excited and unstable 
system occurs almost instantaneously, all of the 
kinetic energy (due to the momentum imparted 
by the alpha-particle) associated with the center 
of mass of the system being divided between 


24 Blackett, Nature 132, 917 (1933). 
25 Oppenheimer and Plesset, Phys. Rev. 44, 53 (1933). 
26 Oppenheimer and Nedelsky, Phys. Rev. 44, 948 (1933). 
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ejected fragment and the resultant nucleus, with 
mass-energy-momentum relations being com- 
pletely conserved over-all. While some of the 
cases studied show energy differences between 
“forward” and ‘‘backward’’ emission which 
seems to substantiate this point of view, it should 
be pointed out that as long as the mean life time 
of the intermediate excited state is less than 
around 10~'* seconds, this picture is justified, but 
if it is in some cases longer than about 10-'” 
seconds, then the kinetic energy associated with 
the centroid would be dissipated, the final 
disintegration taking place from a system at 
rest, and hence the forward energy of the ejected 
particle would be less than in the previous case. 
Intermediate mean life times would result in an 
intermediate distribution in energies. In such 
cases where the kinetic energy associated with 
the centroid before disintegration is appreciable, 
if the mean life times are longer than 10~'° 
seconds, there may thus be considerable error 
in mass-energy-momentum calculations if we 
assume complete over-all conservation, without 
taking into account that some or all of this 
kinetic energy may be lost. The recent work of 
Curie-Joliot?? showing the unexpectedly long 
life times associated with nuclear positron emis- 
sion suggests that there may be considerable 
justification for this point of view, and that other 
disintegration results should be considered care- 
fully in this light. 

The picture suggested for the Be-radon case 
assumed practically instantaneous conversion, 
and some interesting results which seem to sub- 
stantiate this are obtained by studying the 
angular distribution of the neutrons emitted 
when beryllium is bombarded with alpha-par- 
ticles from one direction only.?* The source con- 
sisted of a 1 mm diameter beryllium plug sealed 
in the end of a cylindrical bulb containing radon, 
and Fig. 6 shows the recorded number of neutrons 
for various angles, as the source was rotated 
about the beryllium as a center, with two dif- 
ferent thicknesses of lead present. 

The number of recorded neutrons emitted in 
the forward direction is at least twice as great 
as in the backward direction considering the 


7 Curie-Joliot, Comptes Rendus 198, 254 (1934); 198, 
559 (1934). 
*® Dunning and Pegram, Phys. Rev. 44, 317 (1933). 
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Fic. 6. Angular distribution of recorded neutrons, 


angle conditions, while the scattering of the 
neutrons does not appear to be markedly dif- 
ferent. On this basis, with the centroid having an 
appreciable velocity, and disintegration occurring 
within an extremely short interval, energy and 
momentum considerations would cause the 
neutrons from the resonance levels which have 
energies of the order of 0.5 to 1.5 MEV in the 
forward direction, to have their energies so much 
reduced in the backward direction that detection 
would be highly improbable. The same processes 
might also sufficiently reduce the energy of the 
neutrons due to alpha-particles just penetrating 
over the potential barrier so that their efficiency 
of detection in the backward direction might be 
appreciably reduced. This seems to imply that 
there are a large number of neutrons in the low 
energy groups, and this is not entirely incon- 
sistent with the results in Fig. 3, since the low 
detection efficiency in this region, and the air 
path always present between the paraffin and 
the chamber may account for the difference. It 
may also be that some other type of disin- 
tegration process involving preferential forward 
emission is responsible for part of the effect. 
While the accuracy is possibly not much better 
than +5 percent, Fig. 6 also suggests very 
strongly that the collision cross section for 
neutrons with heavy nuclei does not vary greatly 
with neutron velocity, since the fraction trans- 
mitted through the second thickness of lead is 
practically constant, although the energies must 
be markedly different in the forward and back- 
ward directions.*® 


2° Bonner, Phys. Rev. 44, 235 (1933); 43, 871 (1933). 


4s* 
KAN 
it 
m 
is 
‘ts 
ly 
nt 
nd | | 
he q 
on | 
er 
he | 
vO 
le 
re 
nt 
ly 
id 
al 
in 
re 
1e 
0 4 
1- 
S. 4 
e 
le 
e 
| 
). 


594 


Kirsch and Matzner*® have reported a large 
neutron emission from Zn-radon, of the order of 
50 times that from Be-Po, as determined by 
counting the relative numbers of scintillations 
caused by protons projected from paraffin. 
Table I shows the results of comparative tests 


TABLE I. Neutron emission from various materials. 


Source Be-radon Glass-radon Zinc-radon H.2O-radon 
Number of 

neutrons 

per hour 2050 16.4 15.9 10.7 


in which Be-radon gave about 2050 neutrons per 
hour, and the glass bulb alone (which had a high 
boron content) gave about 16.4 counts per hour 
over a period of 5 hours, while technical grade 
zinc which undoubtedly contained many im- 
purities, gave only about 15.9 counts per hour 
over the same period. The natural count of the 
amplifier was extremely low, of the order of 1 to 
2 counts per hour. While the detection efficiency 
undoubtedly falls off below 1 MEV, it probably 
suffers no more than the scintillation method, 
and it seems that it must be concluded that the 
number of. neutrons from Zn-radon, of energy 
greater than 0.5 to 1 MEV, if any, is less than 
1/100 the number from Be-radon. 

The disintegration of deuterium has been 
studied® by enclosing about 70 percent concen- 
trated ‘heavy water,’’ which was supplied by 
Professor Urey, in a small glass bulb containing 
radon. Allowance must be made for the boron 
in the glass, the partial shielding of the glass by 
the water, and the presence of oxygen in the 
water, but it appears that the number of neu- 
trons, if any, is probably less than 1 percent of 
the number from Be-radon. Only a very small 
fraction of the “‘direct hits’’ can possibly be 
producing disintegration with the emission of a 
neutron with measurable energy. A similar result 
has since been published by Rutherford and 
Kempton for the bombardment of deuterium by 
Po alpha-particles.* While the relative energy, 
due to the low mass of both particles is not high, 


%¢ Kirsch, Naturwiss. 21, 640 (1933). 

st Dunning and Pegram, Phys. Rev. 45, 295A (1934). 

32 Rutherford and Kempton, Proc. Roy. Soc. Al43, 724 
(1934). 
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it is considerably greater for the Ra C’ alpha- 
particles than for Po alpha-particles, with no 
apparent difference in the results, and it seems 
that it must be concluded that the deuterium 
nucleus is comparatively stable under bom- 
bardment of alpha-particles of these energies, at 
least to the extent that its probability of disin- 
tegration seems to be not more than 1 in 10? 
alpha-particles. The experimental conditions are 
such that these studies are not definitely in con- 
tradiction to the experiments of Lawrence and 
his co-workers'’: '® on the apparent break-up of 
the deuterium nucleus when it is projected 
against heavy nuclei, since the minimum observ- 
able disintegration may have been about the 
same order as the effects observed by Lawrence. 
The comparison with the case of the bombard- 
ment of deuterium by protons* is not entirely 
obvious, since the real nature of the processes 
does not seem clear at this time. 

Attempts to show any natural radioactivity 
of deuterium involving the emission of gamma- 
rays, electrons, protons, or neutrons, by use of 
both a Geiger point counter and the linear am- 
plifier have failed to indicate any measurable 
effect when observed over long periods, as has 
also been shown with a Geiger point counter by 
Ladenburg.* This also suggests that the mean 
life time of the deuterium nucleus must be of the 
same order as that of other stable nuclei. Tests 
for possible emission of neutrons from the feebly 
radioactive element potassium have likewise 
shown no evidence for any such parallel process. 


THE SCATTERING OF NEUTRONS 


The interaction of high energy neutrons with 
other particles is markedly different from other 
known types of radiation.': On passing 
through matter, unlike protons, alpha-particles, 
beta-particles, or gamma-rays, neutrons interact 
very little with electrons,*’: **: *® but largely with 
atomic nuclei, and most of the observed phe- 


33 Lewis, Livingston, Henderson and Lawrence, Phys. 
Rev. 45, 242 (1933). 

* Ladenburg, Phys. Rev. 45, 224 (1934). 

% Curie-Joliot, J. de Physique 4, 21 (1933); 4, 278 (1933). 

% Dunning and Pegram, Phys. Rev. 43, 775 (1933). 

%7 Dee, Proc. Roy. Soc. A136, 727 (1932). 

38 Auger, Comptes Rendus 194, 877 (1932). 

39 Meitner and Phillip, Naturwiss. 21, 286 (1933). 
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nomena of ‘“‘absorption’’ and scattering are 
explainable on the assumption that most of the 
collisions are approximately elastic.*° Without 
making a definite hypothesis about the law of 
force between neutrons and nuclei, it may be 
expected that in a collision of this type, with one 
particle “uncharged,” the interaction is negli- 
gible until the approach is very close, which 
approximates elastic sphere collisions. 

If the neutron has a sharply limited force 
field, the ‘‘size’’ of the neutron should have more 
definite meaning than the size of charged par- 
ticles, and likewise nuclei might be expected to 
exhibit more definite ‘‘sizes” in collisions with 
neutrons than with other types of particles. 
From a classical standpoint, in which the elastic 
sphere collision picture is used, the observed 
scattering of neutrons through nuclear impacts 
should depend simply on the neutron cross 
section, the nuclear cross section, the number 
of nuclei present, and the geometrical conditions, 
with uniform scattering at all angles for heavy 
nuclei. 

However, since the wave-length of the incident 
neutron is of the same order of magnitude as the 
nuclear radii, the classical elastic sphere treat- 
ment cannot be more than approximate in its 
prediction either of collision areas, or of uniform 
angular distribution of scattering, and a wave- 
mechanics treatment is called for. Experimental 
scattering data may give values for “‘sizes’’ of 
particles and collision areas on a classical elastic 
sphere basis quite different from the values 
obtained from a wave interpretation. 

Observation on the scattering of neutrons may 
be made by observing the reduction in the 
number of neutrons recorded when a block of 
matter is interposed between source and de- 
tecting chamber as in Fig. 7. In general, if \ is 
the mean free path of the neutron between 
collisions in which the neutron is deflected more 
than some assumed lower limit, then the fraction 
transmitted through a thickness ‘“‘x’’ of some 
material without scattering will be: 


p=e** where 


in which N is the number of nuclei per cm*, and 
ra’ is to be interpreted as the collision cross 


* Dunning and Pegram, Phys. Rev. 43, 497 (1933). 


SCATTERER 


Fic. 7. Typical neutron paths when a block of scattering 
material is interposed between source and chamber. 


section. If No is the number of recorded neutrons 
in the direct beam to the chamber within the 
dotted line of Fig. 7, and N; is the number of 
neutrons actually recorded in the chamber when 
the scatterer is present, then: 


Ni =Nge=" (the number traversing the block without 
being scattered, as along C) 


+ the number scattered by nuclei through 
some small angle, but not out of the 
chamber, as along B 


+ the number scattered back into the chamber 
by nuclei outside of the geometrical path, 
as along D 


+ the usually small number due to corrections 
for multiple scattering, etc. 


The second term on the right will depend 
greatly on the scattering theory applicable, and 
is particularly important if the scattering is con- 
sidered on a wave basis, where large small-angle 
scattering is usually predicted. The third term 
may involve very serious errors in some cases 
unless taken into account. For example the 
number of neutrons apparently scattered out 
of the direct beam to the chamber by a cylinder 
of lead 4 cm long and 2.5 cm in diameter is 
almost twice as large as the number apparently 
scattered out by a large plate of lead of the same 
thickness. This factor is complicated by the 
non-uniform angular distribution of recorded 
neutrons around some types of sources, but it 
may be reduced in any case by making the 
scatterer just large enough to fill the geometrical 
beam. Multiple scattering becomes increasingly 
important as the thickness of the specimen 
approaches or becomes greater than the mean 
free path of the neutron in that substance. It is 
obvious that scattering results must be inter- 
preted in terms of all of these factors for anything 
more than qualitative significance. 

In all experiments with neutrons, the scat- 
tering of the neutrons back into the ionization 
chamber or cloud chamber by adjacent matter, 
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the walls of the chamber, nearby apparatus, 
walls, floors, etc., is usually important, and may 
often be as high as 10 percent or more. This 
results in a serious uncertainty in the actual 
paths of the neutrons which seems to have been 
seldom considered, but it should certainly be 
minimized, or at least taken into account. The 
large amount of scattering material normally 
present in the walls, piston, etc., of a cloud 
chamber makes caution in interpreting results 
imperative. 

The amount of actual absorption or stoppage 
of neutrons seems to be small, since the energy 
communicated to all except the lightest nuclei is 
quite small, while the probability of an inelastic 
impact resulting in capture (or non-capture) and 
possible transformation of the struck nucleus, 
of the type studied by Harkins, Gans and 
Newson,“ Feather, and Kurie* seems to be 
rather small in general, although Lea“ suggests 
that as high as 25 percent of the impacts may 
possibly involve some interaction of this type 
in the case of neutron collisions with hydrogen 
nuclei. 

The general arrangement of the apparatus for 
the measurement of the scattering from cylin- 
drical specimens is shown in Fig. 8. 

The Be-radon source was usually encased in a 
small platinum or lead container N, with a wall 
thickness of 5 or 7 mm, respectively, and was 
supported on a long thin rod. The neutrons 
normally traversed a cylinder of lead G 3 cm long 
and 2.5 cm in diameter to reduce the gamma- 
radiation, and the scattering cylinders S were 
likewise all 2.5 cm in diameter. The chamber C 
had a diameter of 2 cm, and adjacent matter was 
reduced to the minimum. 

Fig. 9 shows the number of neutrons recorded 
per minute as various thicknesses of lead were 
introduced in the path. Distancea to the chamber 
was 27 cm, and c to the center of the lead scat- 
tering cylinders was always 14 cm, no additional 
gamma-ray absorber at G being used in this case. 
The transmission curve departs from the ex- 


*t Harkins, Gans and Newson, Phys. Rev. 43, 208 (1933); 
44, 529 (1933); 44, 945 (1933). 

42 Feather, Proc. Roy. Soc. A136, 709 (1932); 141, 194 
(1933); 142, 3 (1933). 

* Kurie, Phys. Rev. 43, 771 (1933). 

“Lea, Nature 133, 24 (1934). 
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Fic. 8. Arrangement of apparatus for measurement of the 
scattering from cylinders of various materials. 


ponential, and appears to approach a constant 
value which is probably due to neutrons scat- 
tered back from the walls of the room, etc. 
However, the beam is non-parallel (almost 
radial), and the angie conditions change with 
increasing thickness of lead so that neutrons 
which have been scattered through larger angles 
can reach the chamber, while multiple scattering 
becomes more and more important. Hence such 
a flattening out, departing from an exponential 
curve, would be expected, even if the scattering 
were independent of neutron energy. Such an 
independence is suggested by Fig. 6, but the 
quantitative calculations from Fig. 9, in terms of 
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Fic. 9. Transmission of neutrons through lead. 


all these factors and possible angle scattering 
functions are so involved that it is difficult to 
conclude whether or not complete independence 
is indicated. 

Fig. 10 shows a series of comparative trans- 
mission curves for carbon, aluminum, lead, 
paraffin, and copper, together with a series of 
transmission values for 4 cm thicknesses of 
various substances. The 3 cm lead gamma-ray 
absorber was always present in this series, and 
was placed in contact with the cylinders of 
material under test, distance c to the center of 
the total length of material being 13 cm and 
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Fic. 10. Neutron transmission by various materials, 


distance a to the chamber being 26 cm. The 
curves in Fig. 10 show the same trend as the 
curve in Fig. 9, but the relative transmission by 
various substances is very different from what 
is normally encountered with charged particles 
or gamma-radiation. 

On account of the difficulty in taking account 
of all the factors mentioned previously, in order 
to arrive at values for collision areas, as a first 
approximation it is interesting to consider these 
apparently anomalous results in Fig. 10 on a 
classical elastic sphere basis, defining a scattering 
collision as an impact in which the neutron is 
scattered out of the chamber, thus neglecting 
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the second term in the expression for the total 
number recorded since this correction is small 
on this basis, and also neglecting the third term 
in the expression, since the cylinders are very 
little larger than the geometrical beam. The 
fourth term, for multiple scattering, is likewise 
small. Under these circumstances, we have: 


Ni/No=e7*", where A\=1/Nza’, 


the symbols having the same significance as 
before. 

Table II shows a series of more accurate 
results obtained under better conditions than 
those in Fig. 10, and with a more nearly parallel 
beam of neutrons. The distance a to the chamber 
was 23.4 cm, 6 to the center of the gamma-ray 
absorber was 21 cm, and c to the center of the 
cylinder under test was 9.5 cm. The lengths (x) 
of the various cylinders were adjusted to have 
approximately the same transmission in order to 
secure more uniformity in the correction. Under 
these conditions, while the fraction transmitted 
and the mean free path vary widely, the collision 
areas, as is shown in Fig. 11 when plotted from 
the values in column 7 of Table II, show a slow 
variation over the complete range of elements, 
falling rather regularly down to nitrogen and 
carbon, but in this region the mass of the neutron 


TABLE II. New measurements of neutron transmission. The 6th and 7th columns show the results of calculations (approximate) 
on the classical elastic sphere basis of the mean free path of the neutrons, and the collision areas with 
various nuclei. The wave basis figures are those of Mr. Clark and Dr. Rabi.* 


N Class. Wave basis 
Number collis- 
Length nuclei Amount Exper. ion Nuclear Neutron 
Mate- Atomic in per cc trans- m.f.p. area radii radii 
rial weight cm mitted cm x10%cm= X10%cm =X10"cm 
Paraffin 3.0 1.20 0.557 5.1 1.6 
Li 6.940 4.0 0.460 0.751 15.5 1.6 1.54 2.52 1.65 
C 12.004 4.0 0.790 0.604 7.4 1.7 1.56 3.01 1.22 
N 14.008 3.9 0.340 0.782 16.0 1.8 1.70 3.18 1.43 
Al 26.97 4.0 0.637 0.575 6.5 2.4 1.85 3.96 1.05 
S 32.06 4.0 0.358 0.699 10.3 2.7 1.98 4.19 1.18 
Fe 55.84 2.5 0.847 0.521 3.9 3.0 2.23 5.04 1.00 
Cu 63.57 2.0 0.849 0.575 3.7 3.2 2.30 5.26 0.98 
Zn 65.38 2.5 0.660 0.579 4.6 3.3 2.35 5.31 1.06 
Sn 118.7 3.0 0.370 0.618 6.3 4.3 2.79 6.48 1.08 
I 126.9 4.0 0.181 0.725 12.0 4.6 2.82 6.62 1.02 
W 184.0 4.0 0.241 0.594 7.8 5.3 3.22 7.50 1.23 
Hg 200.6 2.0 0.411 0.625 4.2 5.8 3.25 7.72 1.09 
Pb 207.2 3.0 0.333 0.563 5.3 5.7 3.27 7.80 1.06 


* A series of later measurements on the scattering of neutrons by H.'O, H;°0, paraffin, Li, B and C, which will be re- 
ported fully in a later paper, indicate that the classical collision areas for these materials have practically the same values, 


around 1.6 to 1.7 X107-*4 cm?. 
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Fic. 11. Variation of collision area with atomic weight, 
approximate calculations on classica! elastic sphere 
is. 


and nucleus approach the same order, the actual 
energy loss becomes more appreciable, and the 
type of scattering may well be expected to 
change, resulting in a larger experimental cross 
section for protons. The collision area for protons 
was obtained by subtracting the effect of the 
carbon in the paraffin, and while probably not 
as accurate as the other measurements, shows 
the general trend. The presence of occasional 
_ inelastic impacts in some cases, such as nitrogen, 
and probably in the case of protons, as men- 
tioned before, may have some influence on the 
results, but this would not be expected to be 
very important, since the removal of a neutron 
from the direct beam by elastic scattering, or 
inelastic collision and possible capture, is prob- 
ably very difficult to distinguish between under 
these conditions. Earlier results with a less 
parallel beam of neutrons?* showed the same 
trend as in Fig. 11, but with a slightly lower value 
of collision area, as would be expected from the 
geometry. The neutron scattering theories devel- 
oped by Massey,*® Destouches,*® and others, 
some of which predict collision areas varying 
as Z or Z’, are seriously out of agreement with 
the observed collision areas which vary about as 
(atomic weight) !. 

On the classical elastic sphere basis, the total 
collision radius a, the sum of the neutron radius 
and the nuclear radius, obtained from the values 
for collision areas ra? shown in column 7 of 
Table II, ranges from about 6.7 X10-" cm for 
lithium to about 13.6 10-" cm for lead. If we 


Massey, Proc. Roy. Soc. A138, 460 (1932). 
 Destouches, Comptes Rendus 190, 9 (1932). 
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take values for the nuclear radii of the order to 
be expected from the Gamow theory or alpha- 
particle scattering measurements, starting with 
lead as 7.8X10- cm, and varying as the 
(atomic weight)!, as shown in the 9th column, 
then the neutron “‘size’’ obtained by subtracting 
the nuclear radii from the total collision radij 
is of the order of 4.2 to 5.7X10-" cm. Con- 
versely, if one calculates about what the nuclear 
sizes must be in order to give an approximately 
constant value for the neutron size, the values 
arrived at are very nearly the same. The classical 
collision cross section values shown in column 9 
are approximations which neglect the corrections 
mentioned previously, but these corrections will 
act to increase the estimates of collision areas, 
and hence of the neutron ‘‘size.’’ While this 
simple elastic sphere theory gives approximately 
constant values for the neutron size over the 
complete range, the size indicated is much too 
large to permit the neutron to fit into atomic 
nuclei, and the results are therefore in accord 
with the view that the classical elastic sphere 
picture is inadequate to describe neutron col- 
lisions. Such results are logically what might be 
expected, since quantum cross section values are 
in general always larger than the classical cross 
section values. 

Professor I. I. Rabi*? has made some cal- 
culations from the earlier data in Fig. 10 on the 
basis of the wave scattering theory developed by 
the late Dr. Gronwall and elaborated by Dr. 
Rabi, which treats idealized hard-sphere col- 
lisions on a wave-mechanics basis, considering 
the neutron as a plane wave scattered by a 
nucleus of definite size. This theory predicts a 
large small-angle scattering which broadens and 
decreases with decreasing atomic weight, while 
the large-angle scattering is practically uniform, 
although larger in amount than would be expect- 
ed on a classical basis. After making corrections 
along the lines mentioned previously, including 
the large small-angle scattering for high atomic 
weights, these earlier calculations of the neutron 
size from the quantum collision cross section in- 
dicated, gave an average of slightly less than 
1.3 10-" cm for the neutron radius, and with a 


fairly constant value over the entire range of 


‘7 Rabi, Phys. Rev. 43, 838 (1933). 
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atomic weight values. The computations were 
made by using an average energy for the neutrons 
of about 4.5 MEV, and this average value should 
not lead to serious error, since the theory predicts 
that the cross section for collisions with heavy 
nuclei under these circumstances should not show 
much variation over the range of velocities en- 
countered with the greater part of the neutrons 
from Be-radon. As pointed out before, Fig. 6 
strongly suggests this from an experimental 
standpoint. Further calculations have been very 
kindly furnished in advance of publication. by 
Mr. Clark and Dr. Rabi based on the new 
data in Table II, with better corrections for 
the geometrical conditions, the small-angle scat- 
tering, and other factors, and also with correc- 
tion for the small variation in cross section with 
neutron velocity, weighting the factor k = (27/h) 
X(2mE)* on the basis of the neutron energy 
distribution in Fig. 3, as 3.69X10*" cm. The 
corrected values for ka, where a represents the 
collision radius, the sum of the neutron radius 
and the nuclear radius, are shown in column 8 
of Table IT. 

On the wave basis, if the nuclear radii are 
taken as: 


r=(7.8X10-" (atomic weight) !/207.2] cm 


in the manner mentioned previously, then the 
values for the neutron radii are approximately 
constant throughout the entire range, as shown 
in the last column, with an average value of 
about 1.1610-" cm. The results also test the 
consistency of this assumption as to the variation 
of the effective nuclear radius with atomic 
weight, for the function must be of approximately 
this form to give a reasonably constant value for 
the neutron radius. It is interesting that this 
range of values for the nuclear radii must be 
fairly close to the Gamow values at the upper 
limit, in order to be reasonably consistent. 

The increase in the apparent neutron radius 
for Li on the wave basis, and the approximately 
constant collision cross section for elements of 
low atomic weight up to carbon on the classical 
basis, are probably to be expected, since the 
packing of the particles in the light nuclei would 
hardly be the same as that in the tightly packed 
heavy nuclei. There may be some effect from the 
reduction in detection efficiency on account of 


the increased loss of energy by the neutron in 
collisions with nuclei of comparable mass, but 
this effect is probably small. The results seem 
to indicate that the neutron-proton interaction 
is large, and probably that the neutron-neutron 
interaction is small, but the effects of super- 
position of such particles in building up complex 
nuclei are not quantitatively clear as yet. It 
may perhaps be considered significant that the 
departures from the elastic scattering theory are 
not greater, since no account can yet be taken 
of inelastic collisions resulting in capture and 
transformation, or excitation of the struck 
nucleus. 

The high intensity neutron sources available 
also make it possible to perform scattering exper- 
iments with the arrangement shown in Fig. 12. 


SECTIONS OF TOROIDS 
THE POSITIONS USED 


SOURCE PLATINUM CYLINDER CHAMBER 
‘e---- 48 65 ----- — 


Fic. 12. Arrangement for the measurement of the scattering 
of neutrons from toroidal rings of various materials, 


The direct beam of neutrons from the source 
is largely scattered away from the chamber by a 
tapered cylinder of platinum. The amount of 
neutron scattering for an approximate angle @, 
as shown in the drawing, is then measured by the 


TABLE III.* 


Approvimate Scattering Angles 
59° + 15° 77° +20° 95° + 20° 132° + 13° 
E = =6 ES at? afl 
=o TE s te s ve 
zi | zt 28 
Paraffin 4.35 16.0 2.2 5.6 2.05 5.1 1.23 5.7 
Carbon 445 16.3 4.4 11.4 4.4 11.0 2.82 12.0 
Copper 4.41 16.2 -—— _ 5.5 13.7 3.3 14.0 
Lead 3.62 13.3 _ _ 4.8 12.0 3.1 13.2 


* The results for the scattering by a given material at 
the various angles are probably more accurate than the 
comparative scattering by the different materials. 
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increase in the number of neutrons recorded 
when the toroidal rings are placed in the various 
positions shown. The large nuclear cross section 
and the large number of nuclei per cm* make 
platinum one of the most effective of all possible 
neutron scattering materials, and we are very 
much indebted to the American Platinum 
Company for both the tapered cylinder and the 
platinum source container, on account of the 
greatly improved experimental conditions which 
they make possible. The earlier scattering meas- 
urements using square sectioned rings*® involved 
such large corrections for the screening of the 
chamber and scatterer, and multiple scattering, 
that calculation of quantitative values was 
tedious and uncertain. The screening correction 
is practically negligible in these measurements. 

The results in the first column under the 
sections for the four positions of the rings are 
the number of neutrons recorded per minute at 
that point, with a source emitting about 30,000 
recorded neutrons per minute in all directions. 
The second column shows the values approx- 
imately corrected for the solid angles involved on 
a relative basis. The complete calculation for the 
probability of a neutron being scattered into 
some small solid angle dw at the various positions 
involves some long and difficult calculations and 
corrections, in order to compare with the theory, 
and these are now in progress. From a qualitative 
standpoint, however, the results are very much 
what might be expected. The large forward 
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scattering from the protons in the paraffin js 
very evident, while the scattering of the neutrons 
beyond 90° seems to be about what might be 
expected from the carbon present in the paraffin, 
The gamma-radiation observed by Lea* of 
course would not be deteeted with such a linear 
amplifier. The results with the carbon ring show 
that carbon seems to have a somewhat large, 
broad forward scattering component, although 
it is fairly uniform beyond 90°. The elements of 
high atomic weight seem to show approximately 
uniform scattering within these angles. This is 
also what one would expect if the scattering were 
of a wave-nature, since the large forward- 
scattering predicted for the high atomic weights 
would be chiefly at smaller angles than can be 
reached with the ring scattering system shown, 
while the broader small-angle scattering for low 
atomic weights apparently does show up. 

The writer wishes particularly to express his 
appreciation to Professor George B. Pegram, 
whose suggestions and cooperation have largely 
made this work possible, to Dr. G. Faiila and 
the Memorial Hospital for the large quantities 
of radon, to the American Platinum Company for 
its interest in making and lending the large 
pieces of platinum required, to Professor Rabi 
for his assistance in interpreting the results as 
well as to Mr. Clark for the results of his cal- 
culations on the later data, and to other members 
of the department whose ideas and assistance 
have been of great value in this work. 
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Collisions of Neutrons with Atomic Nuclei 
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The velocity variation of the target areas of nuclei for 
neutrons has been investigated for neutrons obtained by 
bombardment of Be, B, and F with Po-alpha-particles. 
The target area of hydrogen was found to increase rapidly 
with a decrease in the velocity of the neutrons. The target 
area of carbon and nitrogen also increased with a decrease 
in the velocity of the neutrons, but not so rapidly as did 
that of hydrogen. The absorption of neutrons by lead was 
found to increase with the velocity. This anomalous 


absorption of lead can be explained by assuming that 
faster neutrons make relatively more inelastic collisions 
with the nuclei. Cosmic-ray bursts can be explained on 
the basis of this assumption. The neutrons from fluorine 
were found to be slower than those from boron, and the 
average range of the recoil protons produced by them was 
estimated to be about 2 cm in air. These slower neutrons 
were found to be more penetrating in lead than those from 
either beryllium or boron. 


HESE experiments were undertaken to 

investigate the relation between the scat- 
tering of neutrons and their velocity. Neutrons of 
different velocities were obtained by bombarding 
beryllium, boron and calcium fluoride with a- 
particles from polonium. Measurements were 
made of the ionization currents produced in 
different gases by the neutrons from each of these 
sources. The relative target areas of the gaseous 
atoms were calculated from the ionization meas- 
urements. Measurements of the absorption of 
the neutrons in several solid materials were also 
made and the absolute values of the target areas 
of the atoms in the solids were calculated. The 
relative target areas of gaseous atoms for 
neutrons from beryllium have previously been 
determined by the writer.' In the previous 
experiments the ionization due to y-rays emitted 
along with the neutrons from beryllium was not 
completely eliminated. For this reason a re- 
determination of the ionization of gases by these 
neutrons was made, the effect of y-rays being 
eliminated. 

While this work was in progress, Chadwick? 
reported that the collision area of a hydrogen 
atom is about twice as large for the slower 
neutrons from boron as for the faster neutrons 
from beryllium. The experiments described below 
confirm this result. 


1T. W. Bonner, Phys. Rev. 43, 871 (1933). 
* J. Chadwick, Proc. Roy. Soc. A142, 1 (1933). 


EXPERIMENTAL PROCEDURE 


A diagram of the apparatus used is given in 
Fig. 1. The ionization chamber was cylindrical in 
shape and had a length of 24 cm and a diameter 
of 14 cm. The walls were of iron and had a 
thickness of 1 cm. A Lindemann electrometer F 
and compensating condenser E were used to 
measure the ionization currents. The method was 
the same as that used in the previous work. 


ABSORBER 


KASS 


Fic. 1. Diagram of apparatus. 
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Neutrons were emitted at D when the a-particles 
from about 7 millicuries of polonium struck a 
layer of either beryllium, boron, or calcium 
fluoride on a slide. The ionization current was 
measured first with the slide removed and then 
with it in place. The difference between the two 
currents was taken to be the current due to the 
neutrons. The current with the slide removed is 
due to radiation from the walls of the chamber, 
-rays, and cosmic rays. This current was usually 
of the same order of magnitude as that due to the 
neutrons. 

When Be is bombarded by a-particles, a 
penetrating y-radiation is emitted along with the 
neutrons.’ In order to eliminate the ionization 
produced by these y-rays, the radiation was 
filtered by 6 cm of lead, which absorbed the 
y-rays almost completely but diminished the 
number of neutrons by only about 40 percent. 
The radiations from B and CaF» were filtered by 
3 cm of lead before entering the chamber. In this 
case it was not necessary to use so great a 
thickness of lead, since the y-rays from B and F 
are not so penetrating as those from Be. 

The ionization produced by the neutrons from 
the three different sources was measured in Ha, 
Ne, He, A and CH, for pressures varying from 1 
atmosphere to 300 Ibs./sq. in. Absorption meas- 
urements were also made for the neutrons from 
B, Be and F in graphite, paraffin and lead. 

The neutrons emitted from beryllium when 
bombarded by a-particles from polonium do not 
all have the same velocity. According to 
Chadwick? there are two main groups of neutrons 
emitted from a thin layer of beryllium. The more 
intense group has a velocity of 2.8 x 10° cm/sec., 
while the other group has a velocity of 410° 
cm/sec. When a thick layer of beryllium is used, 
as in the present experiments, the slowing down 
of the a-particles as they pass through the 
beryllium causes the velocities of the neutrons 
emitted to have a distribution which varies 
downward continuously from a definite maxi- 
mum. The average velocity is probably about 
310° cm/sec. The neutrons from B have a 
continuous range of velocities with a maximum 
of 2.5 10° cm/sec. The average velocity from a 
thick layer of B is given by Chadwick as “rather 


less than 2X 10° cm/sec.”’. 


3 Becker and Bothe, Naturwiss. 20, 41 (1932). 
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RESULTS 


The ionization-pressure curves for Be-neutrons 
are given in Fig. 2, while the corresponding 
curves for B-neutrons and F-neutrons are shown 
in Fig. 3. The data on three sample values of the 
ionization currents are given in Table I. The 


TABLE I. 


Time 7; in sec. for 
Time T in sec. for 15 divisions deflec- 
15 divisions deflec- tion due to Neutron 
tion due to residual current = current 
residual current -+neutron current 1/7:—1/T 


Ionization due to 214, 210, 211,207, 89, 82, 85, 87, 82, 0.00698 
197, 206 


neutrons from . 81, 86, 86, 81, 89 oa 
boron ar. 207.7 41.6 av. 84.840.7 0.00010 
Gas: hydrogen 
Pressure: 285 


Ibs./sq. in. 
Ionization due to 196, 197, 207,200, 143, 151, 139, 139, 0.00205 
neutrons from 206, 189, 187, 142, 133, 136, a 


fluorine 191, 184, 191 136, 138, 136 0.00006 
Gas: hydrogen av. 194.841.6 av. 139.3 41.1 
Pressure: 302 

Ibs./sq. in. 


Ionization due to 75.2, 80.8, 76.6, 74.6, 76.8, a4 0.00034 


neutrons from 77.4, 78.2, 81.4, 74.4, 73.0, 72.4, - 
fluorine 75.0, 77.6, 75.0, 74.2, 79.0,-80.9, 0.00007 
Gas: nitrogen 76.6, 73.8, 79.4 77.8, 75.8, 74.0, 
Pressure: 294 75.2, 81.0, 79.8, 77.6, 72.2, 74.4, 
Ibs./sq. in. 76.4, 74.0, 78.2, 75.6, 78.8, 77.2, 
82.0, 81.8 74.0, 75.2 


+ values indicated are the probable errors 
calculated in the ordinary way from the relation: 
probable error 

The accuracy of the ionization currents pro- 
duced by fluorine neutrons in nitrogen and argon 
is not very great, since the neutron currents in 
these cases were only a small fraction of the 
natural leak. The probable error in these two 
cases was about 20 percent. The natural leak at 
300 Ibs./sq. in. pressure was approximately 51.2 
ions per cc per sec. in Ne, 79.3 ions per cc per sec. 
in A, 21.0 ions per cc per sec. in He, and 30.1 ions 
per cc per sec. in He. At 300 Ibs./sq. in. pressure 
the ionizations due to fluorine-neutrons were, 
respectively, 1.4, 2.0, 8.4, and 5.0 ions per cc per 
sec. in No, A, He and He, while the ionizations 
due to boron-neutrons in these gases were 5.9, 
11.1, 29.4 and 13.8 ions per cc per sec., re- 
spectively. The ionizations produced by beryl- 
lium-neutrons were several times larger than 
those produced by boron-neutrons. There is less 
ionization in a given gas produced by the 
neutrons from B than from Be and still less from 
F. The ratios of the relative ionizations produced 
by the three neutron sources depend on the gas 
used in the chamber. The relative amounts of 
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ionization depend both on the number of neu- 
trons emitted and the energy of the neutrons. 

The shapes of the ionization-pressure curves in 
No, He, and A are the same when produced either 
by Be- or B-neutrons, but in He, the Be-neutron 
ionization-pressure curve is steeper than that for 
B-neutrons. This is caused by the fact that the 
secondary protons ejected by the Be-neutrons 
have a longer range than those due to B-neutrons, 
and are not so completely absorbed in the 
chamber at low pressures. When the chamber is 
filled with 2 or 3 atmospheres of He, the protons 
ejected by Be-neutrons have a maximum range 
comparable to the length of the ionization 
chamber, and thus the protons do not lose all 
their energy before hitting the walls. The ioniza- 
tion-pressure curve for F-neutrons in He is not so 
steep at about 80 lbs. /sq. in. pressure as those for 
Be- and B-neutrons, which shows that the ejected 
protons from F-neutrons have a smaller range 
than those from either Be or B. The ratios of 
ionization at 300 Ibs./sq. in. to that at 20 
Ibs./sq. in. is 12.4 for Be-neutrons, 8.0 for B- 
neutrons, and 4.1 for F-neutrons. From the 
curves obtained when H, was used in the chamber 
it is estimated that the average range of the 
protons ejected by F-neutrons is of the order of 
2 cm in air at one atmosphere, which is the same 
as that produced in a head-on collision by a 
neutron of velocity 1.3 10° cm/sec.‘ 

The presence of protons not completely ab- 
sorbed in the chamber causes the ionization- 
pressure curve for Be-neutrons in He to be 
concave upward at low pressures. The ratio of 
ionization by Be-neutrons in He at 21 atmos- 
pheres to that at 1 atmosphere is 20.1, while the 
corresponding ratio for y-rays is 19.4. Although 
these ratios are approximately the same, the 
y-ray curve differs from the neutron curve, since 
the y-ray curve is very nearly a straight line 
throughout this range of pressures, while the 
neutron curve is concave at low pressures and 
convex at higher pressures. 

The ions formed by the recoil atoms are along 
thick straight tracks and are very hard to 
saturate, as is shown by the great deviation of the 
ionization-pressure curves from straight lines. 


Although the ions produced by neutrons are 


* Calculated from the range-velocity curves of Blackett 
and Lees, Proc. Roy. Soc. A134, 665 (1932). 


much harder to saturate than those produced by 
y-rays, the relative ease of saturation in different 
gases of the ions due to neutrons is the same as 
for y-rays. Nitrogen is much harder to saturate 
than either argon or helium. 

The ionization-pressure curves for Be-neutrons 
given in Fig. 2 differ from those previously 
reported by the writer.! The main difference is 
that in the old experiments the A and Ne curves 
were more nearly linear and also higher with 
respect to He and He than in the present work. 
This difference is due to the presence of y 
radiation along with the neutrons in the old 
experiments. In the old experiments the Be- 
polonium radiation was filtered by only the 
equivalent of about 1 cm of Pb. It was thought 
that under these conditions only a small part of 
the ionization was due to y-rays, but it now 
appears that the y-rays produced about 25 
percent of the ionization in N2 at 10 atmospheres 
pressure. The relative ionization contributed by 
the y-rays increases as the pressure of the gas in 
the chamber becomes greater. This is caused by 
the fact that the ionization produced by the 
y-rays is much more easily saturated than the 
ionization produced by neutrons. The filtering 
out of the y-rays in the present experiment by 6 
cm of lead decreases the ionization in A and in 
Ne much more than in He and Hag, resulting in 
the shifting of the A and Ne» curves lower with 
respect to the He and He curves. The H2 curve in 
the previous experiments rises more rapidly at 20 
atmospheres than in the present experiments. 
This is partly because of the fact that the 
ionization chamber in the earlier work was 
smaller, thus requiring gas at a greater pressure 
to absorb the long-range protons. 

The relative target areas of the different 
nuclei were calculated from the relation J 
=knaAE/R where J denotes the number of ion 
pairs produced in unit time; ”, the number of 
neutrons passing through the chamber per unit 
time; a, the number of atoms per cc in the 
chamber, A, the target area between the neutron 
and the nucleus; F, the average energy given to 
the nucleus per collision; and R the average 
energy spent in the production of a pair of ions by 
the recoil nucleus. 

The target areas calculated in this way are 
given in Table II. The value of C given is the 
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TABLE II. Jonization due to neutrons from beryllium, boron 


and calcium fluoride. 
Atomic 
Gas Cc R CR’ kCR/a nucleus Em KA A 


Be-neutrons 


Hydrogen 217 33.0 7160 3580 H 1.00 35.8 1.00 
Helium 73 27.8 2030 2030 He 0.640 31.7 0.89 
Argon 92 25.4 2340 2340 A 0.095 24.6 6.9 
Nitrogen 116 35.0 4060 2030 N_ 0.249 81.5 2.3 
B-neutrons 

Hydrogen 48.7 33.0 1610 805 H 1.00 8.05 1.00 
Helium 16.1 27.8 447 447 He 0.640 6.99 0.87 
Argon 13.5 25.4 343 343 A 0.095 36.1 4.5 
Nitrogen 14.3 35.0 500 250 N_ 0.249 10.0 1.2 
F-neutrons 

Hydrogen 14.3 33.0 472 236 H 100 24 1.0 
Helium 5.5 27.8 153 153 He 0.640 24 1.0 
Argon 2.3 25.4 58 58 A 0.095 6.1 2.5 
Nitrogen 3.5 35.0 123 61 N_ 0.249 24 1.0 


C=ionization current at 20 lbs./sq. in. in arbitrary 
units; R=average energy spent per ion pair for a-particles?; 
En=relative maximum energies given to nuclei*; a=rela- 
tive number of atoms in the chamber; A =relative target 
area between neutron and nucleus. 


ionization at 20 lbs. per sq. in., at which pressure 
practically all the ions formed are drawn to the 
electrodes. The values of C in Table II for B- and 
Be-neutrons in hydrogen were calculated from 
the relation Cac20) = Cr 20) / Cr (300) in order 
to correct for the fact that the protons from Be- 
and B-neutrons are not completely absorbed in 
H. at 20 Ibs. per sq. in. pressure. The above 
relation holds since at 300 Ibs. per sq. in. pressure 
even the long-range protons are almost com- 
pletely absorbed, and hence the lack of saturation 
in He is the same for B-neutrons, Be-neutrons, 
and F-neutrons. The difference in the target 
areas for Be-neutrons given in Table II and 


5 Since no data were available as to the average energy 
R required to form an ion pair by the different recoil 
atoms in the gases used, the average energy spent by an 
alpha-particle in producing an ion pair in each gas was 
employed in the calculations. The values of R in different 
gases for electrons (mass=1/2000my) and for alpha- 
particles (mass=4my,) are about the same. Thus it seems 
probable that the value of R in different gases is nearly 
independent of the mass of the ionizing particle and so 
would be approximately the same for H, N and A atoms 
as for alpha-particles. 

° The ratio of the average energy given to the nucleus E 
to the maximum energy E,, may be different for the 
different nuclei, but due to insufficient data in regard to 
this point, no attempt was made to apply this correction. 


those previously reported is largely due to the 
earlier results obtained with He not being cor- 
rected for the long-range protons which are only 
partially absorbed in the chamber. The relative 
target areas of He, N and A with respect to each 
other are about the same as those previously 
reported, but the target area of H when corrected 
for the long range protons differs by a factor of * 
about 2. The elimination of the y-rays produced 
only a small change in the target areas. 

It appears that the relative target areas of the 
argon and nitrogen nuclei with respect to 
hydrogen are smaller for slower neutrons. 

In order to find the variation of target area 
with the velocity for different nuclei, absorption 
measurements were made with paraffin, carbon 
and lead. Hydrogen at 20 atmospheres pressure 
was used in the chamber when the absorption 
measurements were made, because the residual 
ionization in Hg, and its ionization by y-rays are 
both very small. The absorbers used were 
cylindrical in form, 7.3 cm in thickness, and of 
the same diameter as the ionization chamber. In 
these measurements the thickness of the lead 
filter was 2 cm.’ The data from the absorption 
measurements are given in Table III. The target 
areas were calculated by means of the relation 
k=e-"24* where k is the percent of unscattered 
neutrons, #2 is the number of absorbing nuclei 
per cc and ¢ is the thickness of the absorber. 
These measurements show that the target areas 
for both carbon and hydrogen increase with a 
decrease in the velocity of the neutrons, but that 
the target area of H increases much more rapidly 
than the target area of C. We should therefore 
expect the target area of N to vary a little less 
rapidly with the velocity of the neutrons than 
does that of carbon. The absorption in lead is 
found to increase as the velocity of the neutrons 


7 With this thickness of lead filter about 2 percent of 
the ionization produced by the Po-Be radiation was due to 
y-rays. Thicker lead filters were not used in order to keep 
the geometrical arrangement the same when B-, Be- and 
F-neutrons were used. 

8 Due to the different amount of ionization produced by 
a slow and a fast neutron, this relation is strictly only 
applicable to the case (1) where the neutrons in the beam 
all have the same velocity or (2) where the neutrons have 
a range of velocity but over this range the absorption of 
the neutrons does not vary appreciably. In the present 
experiment the second condition is approximately satisfied. 
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TABLE III. Absorption measurements of neutrons from Be, B and F. 


Percent Absorbed 


Target Area (10° *° sq. em)——— 


by 7.3 cm by 7.3 cm by 7.6 cm A for Pb A for carbon A for hydrogen 

Pb paraffin graphite atom atom atom 
Be-neutrons 
v=3X10° cm/sec. 43.6 44.0 32.0 239 72 73 
B-neutrons 
v=2X10° cm/sec. 36.2 63.7 41.1 187 99 141 
F-neutrons 
v=1.3X10°cm/sec. 29.1 81.2 46.3 143 116 253 


increases; that is, the faster neutrons are more 
easily stopped than the slower ones. This agrees 
with the results previously reported by the 
writer.® 

The relative target areas given in Table III 
differ from those in Table II. When Be-neutrons 
were used in the absorption experiments, the 
target area of a lead atom was calculated to be 
3.3 times that of a hydrogen atom. When F- 
neutrons were used, the target area of a lead atom 
was only 0.6 times that of a hydrogen atom. Thus 
the relative target area of a lead atom was found 
to be smaller than that of an argon atom in both 
cases. The target area of a carbon atom, as 
obtained by absorption measurements with Be- 
neutrons, was the same as that of a hydrogen 
atom, while the target area of a nitrogen atom 
obtained from ionization measurements was 2.4 
times that of the hydrogen atom. Thus the 
absorption measurements give lower relative 
target areas as compared to hydrogen than do the 
ionization measurements. This difference is 
probably caused by the fact that the measure- 
ments of a target area by absorption measure- 
ments and by ionization measurements are 
measurements of two distinct quantities. 

In Fig. 1 the paths of neutrons scattered at the 
points A, B and C in the absorber are shown. It 
appears that neutrons can be scattered at A, B 
and C, respectively, through angles less than 12 
degrees, 13 degrees, and 15 degrees, and still 
traverse the entire length of the chamber. When 
scattered through even larger angles than these, 
the neutrons still pass through a portion of the 
chamber unless they are scattered more than 34 


degrees, 47 degrees and 67 degrees. The chance of 


*T. W. Bonner, Phys. Rev. 44, 235 (1933). 


a collision is proportional to the length of the 
path of the neutron in the chamber, so that the 
probability of a collision in the chamber is less 
for a neutron scattered through’ angles larger 
than 13 degrees. Thus the target areas found by 
such absorption measurements depend on the 
probability of scattering the neutron through a 
mean angle of more than about 25 degrees from 
its original direction, while in gases the target 
areas depend on scattering the neutron through 
any angle. Dunning and Pegram’® have found 
that the relative number of neutrons scattered 
through small angles increases with the atomic 
weight of the scatterer. It follows then that the 
target areas of carbon and lead atoms calculated 
from absorption measurements should be smaller 
with respect to hydrogen than the target areas 
calculated from ionization measurements. 
Another factor which increases the relative 
absorption by hydrogen absorbers as compared 
to carbon and lead absorbers is that neutrons 
scattered by hydrogen atoms lose a larger 
percentage of their energy per collision than those 
scattered by heavier atoms. Thus a neutron 
which is scattered by a hydrogen atom, but which 
still enters the ionization chamber, produces less 
ionization than a neutron scattered by a heavier 
atom. These two factors probably explain whv 
the target areas of lead and carbon found from 
absorption measurements are respectively smaller 
with respect to hydrogen than those of argon and 
nitrogen found from ionization measurements. 
The absorption of neutrons is due both to 
elastic and inelastic collisions of the neutrons 
with the nucleus. When a neutron makes an 


10 J. R. Dunning and G. B. Pegram, Phys. Rev. 43, 497 
(1933). 
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inelastic collision it gives all its energy to the 
nucleus, causing disintegration. If, on the other 
hand, the collision is elastic, the neutron loses 
only a portion of its energy to the nucleus. The 
amount of energy lost by the neutron in an 
elastic collision depends both on the directness 
of collision and the mass of the nucleus. The 
amount of energy lost by a neutron in a direct 
collision can be calculated if the conservation of 
energy and the momenta are assumed." Only a 
small portion of the energy of the neutron is 
given to a nucleus whose mass is large compared 
to that of the neutron. In the case of lead, the 
amount of energy lost per collision varies from 0 
to 1.92 percent, depending on how direct a 
collision is made. 

The larger absorption in lead by the neutrons 
of high velocity can be explained if we assume 
that the faster neutrons are more likely to make 
inelastic collisions than the slower ones. Such an 
assumption seems likely as there is an increase in 
the number of inelastic collisions that a-particles 
and protons make when their velocities increase. 
In the absorption experiments with lead only a 
portion of the neutrons making a single elastic 
collision are deviated through a large enough 
angle to prevent their entering the ionization 
chamber, but none of the neutrons making 
inelastic collisions enter the chamber. Thus the 


1 The conservation of energy and momenta was assumed 
by Chadwick in calculating the mass of the neutron, and 
has generally been accepted as true for elastic neutron 
collisions. 


faster neutrons making more inelastic collisions 
are more easily absorbed in lead than the slower 
neutrons. 


APPLICATION TO CosmMic-RAyY BuRsTsS 


If we assume that a small portion of cosmic 
radiation at sea-level consists of high speed 
neutrons, we have an explanation of cosmic-ray 
Stésse. Practically all the collisions of these high 
speed neutrons in lead would be inelastic and 
would result in disintegrations. The secondary 
particles emitted from such a disintegration 
might include protons, neutrons and y-rays. The 
absorption in lead for these high speed neutrons 
would be even larger than that obtained for Be- 
neutrons. Since the absorption coefficient of these 
neutrons would be larger than that for the rest of 
the cosmic radiation, the relative number of 
bursts would increase at higher altitudes as has 
been found to be the case.“ The radiation 
producing coincidences in three counters out of 
line has been found by Rossi to be absorbed 
approximately 69 percent by 7.2 cm of lead. Thisis 
about what one would expect for the absorption 
of neutrons with energy of the order of 50 million 
electron-volts from extrapolation of the ab- 
sorption values for lower velocity neutrons. 

In conclusion, I wish to thank Professor H. A. 
Wilson for the interest which he has shown in 
this work. 


2 A. H. Compton, Phys. Rev. 41, 681 (1932). 
3 B, Rossi, Zeits. f. Physik 82, 165 (1933). 
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The Multiple Acceleration of Ions to Very High Speeds 
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A larger model of our apparatus for the multiple acceler- 
ation of light ions, described in this journal about two 
years ago, has been constructed and has been in use in 
nuclear investigations during the past year. The larger 
equipment here described is capable of generating hydrogen 
ions with energies up to 5,000,000 volt electrons. At 
3,000,000 volts, ion currents of 4 microampere are readily 
obtainable and it is probable that water-cooling of the 
accelerators and the bombarded targets will result in 
considerably larger utilizable currents. The apparatus 


performs in a reliable manner and has many advantages 
for nuclear research. It is particularly fortunate that 
within the apparatus there are no high voltages which 
give rise to penetrating x-rays that interfere with observa- 
tions of radiations emitted from targets bombarded by 
the high speed ions. The construction of an even larger 
apparatus, designed for the generation of hydrogen ions 
of about 10,000,000 volt electrons energy, has been 
undertaken. 


INTRODUCTION 


BOUT two years ago we! described in this 

journal an apparatus designed especially 
for nuclear investigations, that generates high 
speed ions by repeated accelerations. The appa- 
ratus produced satisfactorily 1,200,000 volt 
protons and we were encouraged in the belief 
that much higher voltages could be reached in 
this way. Meanwhile we have constructed a 
larger model which has proved to be capable of 
accelerating hydrogen ions to voltages as high as 
five million. It has been used almost continuously 
during the past six months in certain preliminary 
investigations of nuclear phenomena in the range 
up to three million volts.?:* 7.8 More 
precise experimental studies are in progress and 


1E. O. Lawrence and M. S. Livingston, Phys. Rev. 40, 
19 (1932). 

2E. O. Lawrence, M. S. Livingston and M. G. White, 
Phys. Rev. 42, 150 (1932). 

3M. G. White and E. O. Lawrence, Phys. Rev. 43, 304 
(1933). 

4G. N. Lewis, M. S. Livingston and E. O. Lawrence, 
Phys. Rev. 44, 55 (1933). 

5E. O. Lawrence, M. S. Livingston and G. N. Lewis, 
Phys. Rev. 44, 56 (1933). 

*M. S. Livingston, M. C. Henderson, E. O. Lawrence, 
Phys. Rev. 44, 781 (1933). 

7M. S. Livingston, M. C. Henderson, E. O. Lawrence, 
Phys. Rev. 44, 782 (1933). 

8 E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 
220 (1934). 


it seems worth while at this time to present a 
description of the enlarged apparatus. 


APPARATUS 


The present apparatus is fundamentally similar 
to the earlier model.* As before, ions formed 
near the center of the diametrical region between 
semi-circular hollow accelerating electrodes, spiral 
around on ever widening semi-circles from within 
one electrode to within the other, under the 
combined influence of a high frequency oscil- 
lating field between the electrodes and a uniform 
magnetic field normal to the plane of the 
electrodes. By suitable adjustment of the mag- 
netic field and of the frequency of the oscilla- 
tions, the ions are caused to circulate around in 
synchronism with the oscillating field, gaining 
increments of energy each time they cross the 
diametrical region. Finally, the ions emerge at 
the periphery of the apparatus, with an energy 
approximately equal to the voltage on the elec- 
trodes multiplied by the number of times they 
have crossed from one accelerator to the other 
in the course of their spiral paths. The magnetic 
field and final radius of curvature of the ions 
determine precisely their energy. We estimate 
from the geometry of the slit system that the 


9 In this description it is assumed for the sake of economy 
of space that the reader has read the earlier paper (refer- 
ence 1). 
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Fic. 1. Vacuum chamber with cover removed. 


high velocity ion beam is homogeneous to at 
least five percent. 

The vacuum chamber with cover removed is 
shown in Fig. 1. The bottom and cover of the 
chamber are circular plates of soft iron, 273’’ 
in diameter and 13’’ thick. The bottom is 
soldered to the bronze wall of the chamber, 
while the cover fits into a groove of the chamber 
wall and is rendered air-tight by sealing with 
beeswax and rosin. The inside separation of the 
plates is 33’’. The vacuum chamber is placed 
between the poles of the large magnet so that 
the top and bottom of the chamber serve as the 
pole faces of the magnet. Actually, there is a 
space of }’’ between the cover of the vacuum 
chamber and the top pole of the magnet, which 
is used for the insertion of pieces of iron to 
correct the inhomogeneity of the magnetic field 
produced by the magnet. This correction can be 
accomplished by adjusting in this gap thin 
pieces of iron of various shapes, while watching 
the effect on the intensity of the ion beam. 
There are numerous brass tubes soldered into 
the wall of the chamber, through which are 
mounted by means of glass and wax connections 
the various electrodes and adjustment devices. 

In the former apparatus the high frequency 
voltage was applied to one semi-circular accel- 
erator, the other accelerator being essentially the 
walls of half of the vacuum chamber. In the 
present design there are two semi-circular hollow 
electrodes mounted on insulating supports to 
which the high frequency voltage is applied, so 
that the difference of potential between the elec- 


trodes is twice the difference in potential between 
each electrode and the walls of the chamber. 
In this way the capacity of the oscillating system 
is made as small as possible. The electrodes are 
20’’ in diameter and 1}” thick, leaving a 
distance between the electrodes.and the top and 
bottom of the chamber of 1;4;’’. The capacity of 
this system is suck that it is possible to apply 
oscillations of wave-length as low as 20 meters. 

The accelerators, made of aluminum for light- 
ness, are held in position by two supports. The 
main support is a water-cooled copper tube 
which, screwed into each accelerator, connects 
with the outside of the vacuum chamber through 
copper-to-Pyrex seals, which provide the neces- 
sary insulation. The other ends of the accel- 
erators are supported by quartz rods which are 
adjustable from the outside. The orientation of 
the plane of the accelerating electrodes with 
respect to the magnetic field and with respect to 
each other is very important in the adjustment 
of the apparatus for best performance. The 
positions of the electrodes must be correct to a 
few tenths of a millimeter. This adjustment is 
readily accomplished by moving the quartz rods 
while the apparatus is in operation. 

The high frequency power for the oscillating 
system is provided by a Federal Telegraph 20 
kilowatt power tube, which is operated in a 
“tuned-grid-tuned-plate” circuit, and which is 
connected to an inductance with a step-up 
turns ratio of two or three. This inductance, in 
the form of a water-cooled copper coil mounted 
across the terminals of the accelerator electrodes, 
is readily adjustable for altering the frequency of 
the oscillations. In ordinary operation the high 
frequency voltage applied to the accelerators is 
about 20,000 with a power consumption of about 
3 kilowatts. 

In the present apparatus we are using essen- 
tially the same type of ion source as formerly. 
Spiral filaments are mounted near the center on 
insulating supports above and below the central 
region between the accelerators. Electron emis- 
sion from the filaments passes along the mag- 
netic lines of force between the accelerating 
electrodes, ionizing the gas (usually hydrogen) 
filling the whole vacuum chamber at a pressure 
of between 10-* and 10-> mm of mercury. In 
order to increase the obtainable ion currents, 
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the filaments have been partially surrounded 
with water-cooled jackets, so that large currents 
of electron emission can be drawn without undue 
heating and evolution of gas in the chamber. 
The filaments of 12 mil. tungsten are wound in 
flat spirals of about }’’ diameter. This design 
has proved satisfactory in avoiding distortion in 
the magnetic field. The electron emission from 
the upper filament strikes the water-cooled 
jacket of the lower filament, while the emission 
from the latter strikes the water-cooled jacket 
of the former. 

Most of the ions that arrive at the periphery 
and that reach the collector start from a rela- 
tively small region between the accelerating 
electrodes. This proves to be, as expected, at a 
distance from the geometrical center about equal 
to the calculated radius of the first semi-circle 
described by the ions in the magnetic field. In 
order that the stream of electrons form ions at 
this optimum place, a sylphon arrangement is 
provided which makes it possible to move the 
filaments back and forth along the diametrical 
region, while the apparatus is in operation. 

Fig. 2 shows diagrammatically the arrange- 
ment for withdrawing the ions from their circular 
paths within the accelerating electrodes. The 
ions emerge at the periphery of one of the 
accelerators through a slit and are caused to 
travel on a larger radius of curvature, by applica- 
tion of an electrostatic field between the accel- 
erator and deflecting plates A and B. On emerg- 
ing from the region between the deflecting plates 
the ions travel through slits C and D and enter 
the Faraday collector F. Various mica and 
metal foils are mounted on a wheel directly in 
front of the slit of the Faraday collector so 


arranged that by turning a stopcock from the 
outside (labelled foil selector) various foils can 
be placed in the beam directly in front of the 
collector. In this way the speeds with which 
the ions strike the target E within the collector 
can be quickly reduced by various amounts, 
This arrangement has been found to be much 
more convenient than varying their speeds by 
changing the magnetic field and corresponding 
frequency of the oscillations. 

Inside the Faraday collector is mounted a 
wheel,!° which also can be turned from the out- 
side by a ground joint arrangement (labelled 
target selector). On the wheel are mounted 
twelve different substances which can be turned 
in rapid succession into the beam at E. Radi- 
ations given off from the bombarded substances 
pass through a thin mica window (of about 1 cm 
air equivalent absorption) into an adjacent 
ionization chamber, JL.\/, where the resulting 
ionization is measured by a linear amplifier. 
A full description of this part of the apparatus 
will be submitted for publication by Dr. M. C. 
Henderson. 

The general features of the electromagnet are 
shown in Fig. 3. It is of the double yoke design, 
with the exciting coils on each side of the gap. 
The magnet was constructed from the magnetic 
circuit of a Federal Telegraph 1000 kilowatt arc 
converter, designed by Dr. L. F. Fuller."' In 


adapting this arc converter magnet to our uses, 


it was necessary to change the position of the 
gap so that the exciting coils could be placed on 
both sides. Although the iron core has an 
effective diameter of 45 inches, in the present 
arrangement the pole face diameter is 27} inches. 
The total weight of the magnetic circuit, con- 
sisting of seven sections of cast steel, is about 
65 tons. The exciting coils consist of eighteen flat 
coils of 1} by jg inch copper strip. There are 
nine coils in each tank and 200 turns in each 
coil, making a total of 3600 turns and about nine 
tons of copper in all. The coils are immersed in 
transformer oil and it is intended eventually, 
when large exciting currents are used, to install a 
circulating system to cool the oil. In the present 


10 The diagram shows the arrangement of some months 
ago wherein only four targets were mounted on a section 
ot a circular disk. 

LL, F, Fuller, Proc. Inst. Rad. Eng. 7, 449 (1919). 
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Fic. 3. General view of apparatus used in nuclear 
investigations. 


experiments, however, the power requirements 
are so small that the heat capacity of the 
windings is quite adequate. 

The general assembly of the apparatus as 
used in our recent preliminary nuclear investiga- 
tions may be seen in Fig. 3. The vacuum chamber 
is shown between the poles of the magnet, with 
the ionization chamber, used to detect radiations 
from the target, in position. The first vacuum 
tube of the linear amplifier, which is close to the 
ionization chamber and consequently in a fairly 
strong magnetic field, is surrounded by an iron 
shield. From this tube a copper shielded cable 
extends to a table (lower right-hand corner) on 
which is placed the rest of the linear amplifier, 
a cathode-ray oscillograph, and a _ thyratron 
counting mechanism. 

To maintain a good vacuum in the rather 
large metal chamber, it is necessary to use a 
fairly fast pumping system. A diffusion pump 
using Apiezon B oil, having a speed of 80 liters 
per second, is connected directly to the vacuum 
chamber by a brass tube four inches in diameter 
and four feet long. Although a vapor trap is 
not needed in the vacuum line, since the vapor 
pressure at room temperature of the pump oil 
is about 10-7 mm Hg, it is found convenient to 
have a liquid air-cooled surface in the vacuum 
chamber to condense vapors (such as carbon 
dioxide) given off from the metal in the early 
stages of operation. We have found that after 
the tube has been evacuated for several days, 
it is not necessary to use liquid air at all, and 


that indeed the pressure within the vacuum 
chamber as recorded by an ionization gauge 
(when the hydrogen flow is cut off) is often less 
than mm Hg. 

Alongside the magnet on the left is seen an 
arrangement for feeding hydrogen at a constant 
rate into the vacuum chamber. Since the vacuum 
pump and the oscillator, are on the other side 
of the magnet, they cannot be seen in the 
picture. 


PERFORMANCE 


With regard to the performance of the appa- 
ratus there are two major considerations: the 
highest speeds to which the ions can practicably 
be accelerated and the maximum intensities that 
can be produced. In both respects the per- 
formance of the present apparatus has been 
quite satisfactory. 

Hydrogen molecule ions having energies of five 
million volt electrons have been produced. This 
voltage limit was established by the difficulty in 
correcting the inhomogeneity of the magnetic 
field produced by the magnet when fields of 
more than 18,000 gauss were used. No doubt 
this difficulty can be overcome and the present 
apparatus can be modified to generate about six 
million volt ions. However, to go to higher 
voltages it seems more desirable to build a 
larger apparatus, in which is used the full 
available diameter of the magnet pole faces, 
i.e., 45 inches. Such a larger apparatus, the con- 
struction of which we are now commencing, 
should produce hydrogen molecule ions and 
deutons with energies of about ten million volts 
or more. 

We have been particularly pleased with the 
obtainable intensities of the high speed ion 
beams. For example, by using fifty milliamperes 
electron emission from the filament at the center 
of the tube, one-third of a microampere of three 
million volt hydrogen molecule ions is obtained. 
An unrectified alternating voltage is applied to 
the anode of the oscillator, and on account of 
this fact high frequency oscillations are effective 
in accelerating ions to the periphery only about 
ten percent of the time. In other words, when a 
current of 0.35 microampere of high speed ions is 
measured, actually the beam consists of about 
3.5 microamperes of pulsating current, flowing 
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about one-tenth of the time. This yield of high 
speed ions indicates that the focussing action of 
the curved electric and magnetic fields is so 
effective that practically all ions starting at the 
center of the tube arrive at the periphery. We 
are installing a six phase rectifier to supply an 
approximately d.c. voltage to the anode of the 
oscillator, and in this way the beam should be 
on nearly all of the time. Thus, we expect that 
the addition of the rectifier will increase the 
useful output of high speed ions to several 
microamperes. We intend also to increase the 
electron emission from the filaments at the center 
of the tube by a factor of ten. This should further 
increase the output of high speed ions in like 
proportion. It seems to us now that the practical 
limit of intensity of the high speed ion beam is 
set by the extent to which various parts of the 
apparatus, including the bombarded targets, can 
be sufficiently cooled. It is important to keep 
the metal paris cool in order to prevent undue 
evolution of gas. We are planning to water-cool 
both the accelerator electrodes and the targets. 

When the apparatus is adjusted to accelerate 
hydrogen molecule ions, it accelerates with equal 
facility deutons which have the same e/m. 
Fortunately deutons have very long free paths 
in an atmosphere of deuterium, so that the 
pressure of deuterium in the vacuum chamber 
may be maintained at a surprisingly high value, 
about 10-4 mm Hg. The higher allowable working 
pressure, however, only partially offsets the 
smaller probability that an electron will ionize 
a deuterium molecule to form a deuton. The net 
result is that the deuton beams have an intensity 
of only about one-third that of the obtainable 
hydrogen molecule ion beams. 


As regards the very important practica] 
matters of reliability and ease of operation and 
adjustment, the apparatus functions in a most 
gratifying fashion. When a regulator was in- 
stalled to keep the magnetic field constant, it 
was found that the high speed ion beam arriving 
at the target could be maintained surprisingly 
constant in intensity. In our preliminary nuclear 
investigations we have been impressed with the 
particularly fortunate circumstance that there 
are no high voltages in the vacuum chamber 
that give rise to penetrating x-rays, so that 
ionization chambers, Geiger counters, and other 
devices for detecting radiations, can be used 
close to the bombarded target without the 
interference of such spurious radiations. 

We are greatly indebted to many people for 
their interest and support. The Federal Tele- 
graph Company, through the interest of Dr. L. 
F. Fuller,” Vice-President, donated the steel 
castings of the magnet. The Research Corpora- 
tion and the Chemical Foundation provided 
funds for the construction and installation of the 
magnet and accessory apparatus. The University 
Research Board with the approval of the Presi- 
dent granted funds for operating expenses. We 
wish especially to thank Professor A. O. Leusch- 
ner, Chairman of the Board of Research, Mr. 
Howard A. Poillon and Dr. F. G. Cottrell of the 
Research Corporation, Mr. William W. Buffum 
of the Chemical Foundation, Professor L. F. 
Fuller and Professor R. T. Birge. We acknowl- 
edge with pleasure also the assistance throughout 
our experiments of Commander T. Lucci and 
the association of Dr. M. C. Henderson in the 
later work. 


12 Now Professor of Electrical Engineering, University 
of California. 
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Faint Lines in the ZL Spectrum of the Elements 73 Ta to 83 Bi. II 


SipNEY KaurMaAn, Cornell University 
(Received March 16, 1934) 


Additional faint diagram and non-diagram lines in the Ly region of the x-ray spectra of the 
elements 73 Ta to 83 Bi are reported. The majority are diagram lines obeying the dipole or 
quadrupole selection rules. A few have v/R values close to transitions prohibited by any 
multipole radiation theory. Three new non-diagram lines (satellites) associated with Ly; and 
L72 have been observed. Measurements of the close pair Pb L8; and Pb Lf, and of the strong 
lines of osmium in the Lg and Ly regions are also given. 


HE present paper—a continuation of the 

survey' of faint lines in the Z spectrum of 
elements of high atomic number—is concerned 
primarily with the faint lines in the Ly region 
of the elements 73 Ta to 83 Bi. 

The measurements herein reported were made 
with the high dispersion x-ray spectrograph 
described in the previous paper.! Plates were also 
taken with equal slit-crystal and crystal-plate 
distances of 27.15 cm so that use could be made 
of the Bragg focussing method in order to 
eliminate the effects of possible crystal surface 
imperfections or non-uniformity of the focal 
spot by rocking the crystal continuously through 
a small angle during an exposure. 

Measurements were made with reference to 
the values of y; for the element concerned except 
for osmium for which W Lf, W LB, W Ly, 
TI Lg; and Tl LB». were used as standards. Data 
for these strong lines were taken from Siegbahn.’ 

Pb LB, and Pb LBs, which (for Pb) are very 
close together, were nevertheless resolved on 
two weakly exposed plates (slit-plate distance 
=132.76 cm). Their wave-lengths, measured 
with reference to the value of Pb L8; given by 
Siegbahn,? were found to be 981.0 X.U. and 
980.3 X.U., respectively. Williams,* who used a 
two crystal ionization spectrometer, has reported 
a separation of 0.68 X.U. 

Since data on osmium lines are not as nu- 
merous as for the other elements in this atomic 


1S. Kaufman, Phys. Rev. 45, 385 (1934). 
*M. Siegbahn, Spektroskopie der Réntgenstrahlen (1931). 
J. H. Williams, Phys. Rev. 45, 71 (1934). 


number range, the osmium lines measured in 
the present research are given in Table I. 
Italics there and in the subsequent tables indi- 
cate lines not reported before. 

The error in the wave-lengths for the faint 
lines given below is estimated to be less than 
0.4 X.U. except for the lines in Tables [IX and X. 
The latter were too faint to be seen in the 
comparator so that only rough measurements, 
using a fine scale and a low power hand lens, 


TABLE I. Osmium. 


Trans- 
ition Line v/R (v/R)* 
Lu, Bs 1210.8 752.6 27.434 
Nw Bis 1169.1 779.5 27.919 
Ny Bo 1166.9 780.9 27.945 
B2’ 1161.3 784.7 28.012 
B,"" 1159.1 786.2 28.039 
Nv u 1142.5 797.6 28.242 
O; Br 1146.6 794.8 28.192 
Oww,v Bs 1137.6 801.0 28.303 
Ly M By 1194.5 762.9 27.621 
ad vs 1054.6 864.1 29.396 
Nin 1037.4 878.4 29.638 
1022.8 891.0 29.849 
Nyy v 1002.6 908.9 30.147 
v1’ 1017.6 895.5 29.925 
O; vs 1005.7 906.1 30.102 
Ory v6 998.8 912.4 30.206 
My Bs 1215.8 749.5 27.377 
Min Bs 1176.8 774.4 27.828 
My Bio 1130.4 806.1 28.392 
My By 1123.4 811.2 28.481 
Nu 72 995.9 915.0 30.249 
12" 992.8 917.9 30.296 
v3!" 985.5 924.7 30.409 
Nin 73 989.8 920.7 30.343 
Mv 975.2 934.5 30.569 
V 074.5 035.1 30.580 
Oy, m1 957.3 951.9 30.853 
Or, v 954.1 955.1 30.905 
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TABLE II. Dipole transitions. 


KAUFMAN 


TABLE V. Ly (Al=0, Aj= —1). 


Trans- v/R Ele- 
ition Line v/R (comp.)  »v/R* ment v/R 
LyO; Ta va 1117.9 815.1 815.1 814.8 73 Ta 1115.1 817.2 
Os vs 1005.7 906.1 906.4 760s 1002.6* 908.9 
Ir ys 972.1 937.4 937.6 S316 itr 967.9 941.5 
Pt vs 939.6 969.9 970.3 970.9 oe 
Tl vs 849.0 1073.3 1073.1 1073.4 * Coincides with Os Ly 
On, Ta 74, 1062.7 857.5 857.6 857.7 
Os va, 4’ 957.3 951.9 952.0 


925.8 984.3 984.5 984.5 
Pt 4, 4’ 894.6 1018.7 1018.1 1018.0 
TI v4, 810.4 1124.5 1124.9 1124.9 


* From Idei, reference 4, except osmium. Osmium from 
Dauvillier, reference 6. 


TABLE III. Ly Nin (Al=0, Aj= -1). 


Ele- v/R 
ment r v/R (comp.) 
73 Ta 1152.5 790.7 790.5 
76 Os 1037 4 878.4 
77 Ir 1003.3 908.3 908.4 
78 Pt 969.9 939.5 939.4 


TABLE IV. Ly Ny; (Al = —2, = —2). Idei* has reported 
\=969.6 for Ir. 


Ele- v/R 
ment r v/R (comp.) 
76 Os 1002.6 908.9 

77 Ir 969.8 939.6 939.9 
78 Pt 937.2 972.4 972.2 


were made. The ‘‘computed” values of v/R are 
taken from data on the strong lines of the L 
series by Ideit and of the / series by Lind- 
berg.’ 
I, DiaGram LINEs 

Dipole radiation 

The dipole selection rules permit transitions 
between energy levels for which AJ = +1; Aj=0, 


+1 except 7=0 to j7=0. Table II gives the weak 
dipole transitions observed. 


4S. Idei, Tohoku Imp. Univ., Sci. Rep. 19, 559 (1930). 
5 E. Lindberg, Nova Acta Reg. Soc. Sc. Upsala 7, No, 7 
(1931). 


TaBLe VI. Ly Nyy (Al= —2, Aj=—1). 


Ele- v/R 
ment v/R (comp.) 
73 Ta 1081.2 842.8 842.6 
76 Os 975.2 934.5 

77 Ir 943.9 965.4 965.3 
81 Tl 28.7 1099.7 1100.5 


TaBLe VII. LyNy (Al= —2, Aj= —2). Idei*t gives \=943.1 
for Ir. Dauvillier* gives \=912.0 for Pt 
and A\=942.6 for Ir. 


Ele- v/R 
ment v/R (comp.) 
73 Ta 1079.7 844.0 843.5 
76 Os 974.5 935.1 

77 Ir 942.6 966.8 966.6 
78 Pt 912.2 999.0 999.0 
81 Tl 27.1 1101.8 1102.1 


Ele- 

ment v/R 
73 48 1059.6 860.0 
76 Os 954.1 955.1 
77 Ir 922.4 988.0 
78 Pt 891.4 1022.3 
81 Tl 800.9 1129.3 


Quadrupole radiation 

The quadrupole selection rules for / and j are 
Al=0, +1, +2 except /=0 to /=0; Aj=0, +1, 
+2 except 7=0 to 7=0 and j=1/2 to j=1/2. 
The observed quadrupole transitions are given 
in Tables III-VIII. 

The transitions Z;N; and L,0,;, for which 
1=0-1=0 and j=1/2-j=1/2, are not normal 
dipole or quadrupole transitions. The lines listed 


6 A. Dauvillier, J. de Physique et Radium 3, 230 (1922). 


| 
| 
‘ 
| 
| 
| 
| 
| 
q 
q 


FAINT LINES IN ZL SPECTRUM 615 


in Tables IX and X correspond almost to these 
transitions. However, except for one thallium 
line, the v/R values for these lines are lower 
than those computed for the L;Ny; and L,;0; 
transitions by from 0.6 to 3.8 v/R units. Although 
these lines are exceedingly faint and the measure- 
ments correspondingly uncertain, the disagree- 
ment with the computed values are in most 
cases greater than the estimated maximum 
experimental error. It is of interest to note that 
a faint line has been reported by Beuthe’ for the 
elements 23 Va to 32 Ge, by Hulubei and 
Cauchois® for 42 Mo and 45 Rh and by Carlsson® 
for 37 Rb, 38 Sr and 39 Y, whose v/R values are 
similarly lower, in most cases by more than the 
experimental error, than the computed values of 
the analogous transition K,.1/;. 


TABLE IX. 
Ele- v/R, Ly Ny 
ment r v/R (comp.) 
77 Ir 974.9 934.8 937.6 
79 Au 911.3 1000.0 1001.3 
81 Tl 852.3 1069.2 1068.2 
82 Pb 827.8 1100.9 1102.5 
83 Bi 802.6 1135.3 1137.8 

TABLE X 
Ele- v/R, 
ment r v/R (comp.) 
73 Ta 1066.3 854.6 855.2 
77 Ir 932.3 977.5 981.3 
81 TI 814.6 1118.6 1120.6 
82 Pb 787.8 1156.7 1157.4 
83 Bi 764.5 1192.0 1195.4 


TaBLe XI. Ly,’. Auger and Dauvillier® report \= 1129.0 
for Ta. Dauvillier® reports \=950.3 for Pt. 


Ele- 

ment »/R (v/R)} 
73 Ta 1129.5 806.8 28.404 
76 Os 1017.6 895.5 29,925 
77 Ir 983.8 926.3 30.435 
78 Pt 950.7 958.6 30.961 
81 Tl 861.3 1058.0 32.527 
83 Bi 807.5 1128.5 33.593 


7H. Beuthe, Zeits. f. Physik 60, 603 (1930). 

§H. Hulubei and Y. Cauchois, C. R. 196, 1294 (1933). 
*E. Carlsson, Zeits. f. Physik 84, 119 (1933). 

1 P, Auger and A. Dauvillier, C. R. 176, 1297 (1923). 


TaBLeE XII. Dauvillier* reports \=899.0 for Au. 
Eddy and Turner" report \=816.8 for Pb. 


Ele- 
ment v/R (v/R)} 
73 Ta 1100.3 828.2 28.778 
74.W 1063.5 856.9 29.272 
76 Os 992.8 917.9 30.296 
77 Ir 960.3 948.9 30.805 
78 Pt 929.1 980.8 31.317 
79 Au 899.4 1013.2 31.831 
82 Pb 817.1 1115.3 33.396 
83 Bi 791.4 1151.5 33.934 


L 1 1 1 L 


73 #7 77 79 83 


Atomic 


Fic. 1. y/R from ¥; for lines on short wave-length side of 
1 as a function of atomic number. Diagram lines indicated 
by solid circles; non-diagram lines by open circles. 


II. Non-DIAGRAM LINES 


Three new non-diagram lines (satellites) have 
been observed. One is associated with y; and 
two with yo. In Fig. 1 the v/R differences 
between y; and the diagram and non-diagram 


 C, E. Eddy and A. H. Turner, Proc. Roy. Soc. All4, 
605 (1927). 
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TABLE XIII. Ly2”’. 


Ele- 

ment v/R (v/R)* 
73 Ta 1091.3 835.0 28.897 
76 Os 985.5 024.7 30.409 
78 Pt 922.9 087.4 31.423 
78 Au 893.3 1020.2 31.940 
82 Pb . 811.9 1122.3 33.501 


lines on the short wave-length side of y; are 
plotted as a function of atomic number. At the 
present time the origin of non-diagram lines is 
unknown. Hence the names can only be con- 
sidered as tentative. The line here called y2”, 


SIDNEY KAUFMAN 


although closer to y;, is associated with y, 
rather than with y; since the slope of y2”’ with 
reference to y; differs from that usually observed 
between a satellite and its parent line.” The 
measurements are given in Tables XI-XIII. 

In conclusion I wish to express my sincere 
thanks to Professor F. K. Richtmyer for his 
interest and valuable criticisms during the course 
of this research and for the use of x-ray equip- 
ment granted to him by the Heckscher Research 
Council of Cornell University. 


12 See, for example, F. K. Richtmyer and R. D. Richt- 
myer, Phys. Rev. 34, 574 (1929). 
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Rocking-Curves by Transmission of the X-Ray Beam Through Calcite Crystals 


T. R. CuYKENDALL AND S. W. BARNEs, Cornell University, Ithaca, N. Y. 
(Received March 17, 1934) 


With a two-crystal spectrometer, the rocking-curves 
for calcite crystals in the (1, —1) position have been 
observed at the wave-length 0.208A (W Ka;) for an 
arrangement in which the x-ray beam is transmitted 
through the body of the crystal and reflected from a 
family of internal Bragg planes. The width of this trans- 
mission rocking-curve has no obvious relation to the 
thickness or to the optical quality of the crystal. The 


narrowest width observed is of the same order of magnitude 
as that generally obtained by reflection from untreated 
cleavage surfaces. Etching the faces of two crystals made 
a considerable change in the rocking-curve width, but did 
not reduce this width to a value comparable to that 
obtained by reflection from etched faces. The results of 
the etching treatment are discussed. 


T x-ray wave-lengths of 0.05 to 0.20A the 
Bragg angle for first order reflection from 
the cleavage face of the calcite crystal is very 
small. If such wave-lengths are to be reflected 
from the faces of the crystals in a two-crystal 
spectrometer, this small Bragg angle requires 
that the cleavage faces be very long, and leads 
to difficulties in obtaining suitable crystals. 
However, a small crystal could be used if it 
were mounted so that the x-ray beam would 
pass through the body of the crystal and be 
reflected from a family of internal Bragg planes 
(see B, Fig. 1). As the internal planes are 
supposedly undisturbed in the previous history 
of the crystal, one might also expect to obtain 
better resolution with this arrangement. 

Two small calcite crystals were mounted on a 
spectrometer so that the x-ray beam was trans- 
mitted through each crystal in turn and reflected 
from its internal Bragg planes. The observed 
(full) width at half maximum intensity of the 
tungsten Ka, line [(1, +1) position] was found 
to be about 3 X.U., compared with 0.195 X.U. 
recently obtained* for surface reflection by 
Richtmyer and Barnes. On account of this 
discrepancy it was decided to make similar 
observations with other calcite crystals. 

Twelve calcite crystals were studied. Eight of 
these were obtained from Bausch and Lomb for 
this particular purpose, and were graded by 
them as first or second optical quality. The 


* Unpublished. 


(1, —1) rocking-curve at the approximate wave- 
length \=0.208A was determined for reflection 
from the faces of an unusually fine pair (3A and 
3B)' of calcite crystals. The width at half 
maximum of this curve was 2.7’’. The second 
crystal (3B) was then removed, and the crystal 
to be studied was placed at B, as shown in 
Fig. 1. The results are shown in Table I. The 
widths of the rocking-curves are seen to vary in 
such a way as to have no obvious relation to the 
thickness or to the optical quality of the crystal. 

Sakisaka? investigated the intensity of the 
Mo Ka, line when internally reflected by a 
single quartz crystal and suggests “that the main 
part of reflection through the quartz plate is also 


TABLE I. Rocking-curve widths in seconds of arc (full 
widths at half maximum). \=0.208A. Crystal 3A reflecting, 
crystal B transmitting; (1, —1) position. 


Variation with optical quality 
Variation with thick- of crystals 
ness of B in direction 

of x-ray beam First quality | Second quality 


Thickness Width Crystal Width | Crystal Width 


1.6mm* 23.0” No.1 5.5” | No.2 7.0” 
7.0 23.0” No.7 7.0” | No.5 7.7” 
9.0T $.5”-12.2” No.4 8.3” | No.3 8.0” 
15.0 23.0” No. 8 12.2” | No.6 11.0” 
26.0 4.25” 


* Approximately. 
t 8 crystals. 


1 Richtmyer, Barnes and Manning, Phys. Rev. 44, 311 
(1933). 
? Sakisaka, Jap. J. Phys. 4, 171 (1927). 
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BY Yy 


Fic. 1. The arrangement of the crystals on the two- 
crystal spectrometer. The x-ray beam was reflected from 
the surface planes of the crystal at A, and from the internal 
planes of the crystal at B. The several crystals to be studied 
were placed in turn at position B. 


originated in the thin surface layer.”” Manning? 
reports that the rocking-curve width obtained by 
reflection from a cleavage surface may be reduced 
by proper grinding and etching of the surface. 
It seemed probable that such treatment of the 
faces at which the beam enters and leaves 
the calcite crystal might have an effect upon the 
rocking-curve. Consequently, the faces a and b 
(see Fig. 1) of three crystals were ground and 
etched in the manner described by Manning. 
Since we are interested in the effect of this treat- 
ment upon the crystals in position B, crystal 3A 
being unchanged, the width of the observed 
rocking-curve has been adjusted by subtracting 
1.35’ as representing the approximate con- 
tribution of crystal 3A. These adjusted widths 
are recorded in Table II. 

It is to be noted that the single grinding and 
etching treatment resulted in a marked reduction 
of the rocking-curve width. But when examined 
two weeks later, the appearance of the treated 
faces had changed and it was found that the ob- 
served rocking-curve width had increased, as 
shown in Table II. It is not improbable that a 


TABLE II. Observed rocking-curve width (minus 1.35'') 
crystal 3A reflecting; crystal B transmitting. 


Crystal B: No. 5 No. 4 No. 64 
Untreated 6.35” 6.95” 9.65” 
After grinding 4.15” 
After grinding and etching sae" 2.91” 11.55” 
Two weeks later 5.25” 3.60” — 


* Manning, Phys. Rev. 43, 1050 (1933). 
‘Crystal No. 6 was obviously imperfect before treat- 
ment, 


single grinding and etching is insufficient treat- 
ment, but we did not have an opportunity to 
make a subsequent very light grinding and 
etching, as was done for the crystals previously 
reported.! 

It seemed possible that the degree of im- 
perfection of the surface of crystal B upon which 
the x-ray beam was incident might have a 
greater effect upon the rocking-curve than that 
of the opposite face. Hence a crystal, whose 
faces presented to the eye a very marked 
difference in smoothness, was so mounted at B 
that it was possible to interchange the position 
of its faces a and 6 with respect to the crystal A. 
When the x-ray beam was incident upon face a, 
the rocking-curve width was 7.20’; when in- 
cident upon face 6, the width was 6.8’’. The 
small differences observed may well be due to 
the fact that the x-ray beam traversed a slightly 
different part of the crystal when the crystal 
was turned so that the positions of its faces were 
interchanged. 

Crystals No. 1 and No. 4 were placed’ at 
A and B respectively, so that the x-ray beam 
was transmitted through each crystal in turn. 
The width of the (1, —1) rocking-curve (at 
=0.208) obtained with these crystals was 7.7’’. 
The width of this transmission rocking-curve for 
the best two (No. 1, No. 2) of the untreated 
crystals is 9’’. Although this width is about 
three times the width obtained by reflection 
from the etched faces of the crystals previously 
reported,! it is of nearly the same order of 
magnitude as that generally obtained by re- 
flection at this wave-length from untreated 
cleavage surfaces. If the transmission rocking- 
curve had been obtained for crystals No. 4 and 
No. 5 immediately after their grinding and 
etching treatment, we would expect the width 
to be about to 

Two Laue pictures were taken of an untreated 
calcite crystal. This crystal when studied at B 
had given one of the narrowest rocking-curves 
observed. In each Laue picture several triple 
spots appeared. Murdock‘ has offered an explana- 


5 This was done after the change in the rocking-curve 
width with time had been observed for crystal No. 4. See 
Table II. 

6 Murdock, Phys. Rev. 45, 117 (1934). 
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tion of triple spots, in which he suggests the 
existence in the interior of the crystal of a large 
block of nearly ideally perfect crystal. This 
suggestion leads to a possible explanation of the 
effect of the etching treatment. If there is such a 
block in the interior of the crystal, it is probable 
that the width of the rocking-curve is due mostly 
to the imperfections at the surfaces. Since the 
investigations of Manning* and of Colby and 
Harris’? seem to indicate that the effect of the 
grinding and etching treatment is to reduce 
such imperfections, it is not surprising that this 
treatment of calcite crystals resulted in a con- 
siderable change in the width of the rocking- 


7 Colby and Harris, Phys. Rev. 43, 562 (1933). 


curve (see Table II). However, after this treat- 
ment the width is still several times greater than 
that predicted for calcite.* It appears that a 
part of the reflection may come from an im- 
perfect layer near the surface, which is too far 
from the face te be acted upon by the etching 
process, or to be traversed when surface re- 
flection occurs. 

We take this opportunity to thank Professor 
F. K. Richtmyer for placing at our disposal the 
spectrometer and crystals and ‘for his interest in 
this investigation. We also express our gratitude 
to Professor C. C. Murdock for valuable advice 
during the course of the work. 


8 Allison, Phys. Rev. 41, 1 (1932). 
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The Photoelectric Effect for High Energy Quanta 


Harvey HALL, Columbia University 
(Received January 29, 1934) 


The relativistic quantum electrodynamics is rigorously 
applied to calculate the cross section for photoelectric 
absorption of a Dirac electron in the field of a nucleus 
(of charge Ze). The case of quantum energies hy greater 
than the proper energy mc? of the electron is considered. 
The total photo-absorption from the K-shell is found in 
this way to be approximately 


where R~1+7mc?/3hv—1, as and a=2ne*Z/he, 
The factor depending on a is seen to modify the result 
appreciably for heavy elements, so that for lead, and the 
gamma-rays from Th C’’, (Z=82, \=4.7 X.U.), rx 
=1.1X10-** cm?. The agreement with experiment is 
satisfactory. 


I 


HE difficulty encountered in treating the 

photo-effect for large energies, occurs 
through the necessity of treating the problem in 
a coordinate system which is not adapted to the 
physical conditions. This artificial feature was 
discussed,' and at the same time an attempt was 
made to treat the problem with a model in which 
the photoelectron may be considered as free. 
This assumption leads to rather surprisingly 
good results in some cases of small energies. 
As will presently be shown, however, it fails 
when the incident radiation consists of quanta 
whose energies are comparable with, or much 
greater than, the proper energy of the electron. 
That is, the method actually gives the correct 
theoretical dependence on Z and e, but intro- 
duces a serious error in the form of a constant 
factor. 

It thus turns out to be impossible to make a 
consistent approximation if one considers the 
photoelectron to be uninfluenced by the nucleus, 
even though Z be considered arbitrarily small. 
In the course of the present work this point will 
receive further mention. 


II 


The analytical difficulties involved in this prob- 
lem were pointed out in reference 1. An examina- 


1 Harvey Hall and J. R. Oppenheimer, Phys. Rev. 38, 
57 (1931). This paper will be referred to as reference 1, 


tion of the integrals in the infinite series for the 
absorption cross section, shows that these terms 
are roughly proportional to /* exp (—2mc*l/hy) 
for large hv/mc?. This shows that many terms 
contribute to the sum, that the maximum occurs 
for 1=3hv/2mc*, and that all important terms 
have values of 1~O(hv/mc?).* 

These qualitative considerations are not suffi- 
cient to solve the problem, due to the complica- 
tions of the actual terms in the sum when the 
binding is not neglected. However, they are 
perhaps worthy of consideration, since, in the 
absence of a sufficiently accurate asymptotic 
expansion, they reveal the enormous labor 
necessary for a direct numerical calculation when 
v is large. They suggest that an interchange of 
order of summing and integrating might be 
advantageous. It is this interchange which has 
been resorted to in the following treatment. 


III 
It was shown in reference 1 that the absorption . 
cross section, per electron, is 


where a, 8 refer to the initial states; k to the 
final states. 


and the notation used there will be employed in the 


present paper. 
is the orbital angular momentum. 
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The conservation (photoelectric) law for the energy hvy/mc?+(1—*)!=€e is the same as «’+pi=e«, 


where, 


e=(1+ko”)}, and ko’ =hky/2xmc. 


In general, 
p=(k?—a*)!; k=|k| =1, 2,3, 
Also (as in reference 1, p. 64) 


(27) +1)*(x/2) f F(k, 2k; Qier)dr. 
2 0 


I,(+k)= 


X in this expression is implicitly defined in the relation 


F(p+1+in, 2p+1; 2tkor), 
where, 
eiv=(p+in)/(k—ib/ko),  n=be/ko. 


We define certain integrals containing X (and Y) which we shall need, as follows 


X(u—2, . F(k, 2k; 2ixr)dr 
0 


where n= p+pi+k. Then Eggs. (8a, b, c, d) of reference 1 become 


L.(+h)= (27) ( )(e+1)*(x/2) X(u—2, 
m= 
I,(—k)= X'(u—-1, k+1), 
P(k+3/2) 
«(1+ pi) 
e—1)*Y(u, k+1 
+n, 
m= 
a(e+1)*(R+1) 
I3(—k)= X'(u—1, 


where X’= X(—k); p’=p(—h), etc. 
Now it is easy to show that 


{cos yF(p+in, 2p; 2ikor) + prF(p+1+in, 2p+2; 2ikor)}, 
Y=rre—*or {sin yF(p+in, 2p; 2ikor)+qrF(p+1+in, 2p+2; 2ikor)}, 


where p=(n cos y/p—sin y)ko/(2e+1) and g=(cos y+m sin y/p)ko/(2p+1). Again, as in ref- 


erence 1, 


(1) 
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2. f 2; F(p-+in, 2p; 2iker)dr. 
0 


For convenience in the following analysis it is desirable to express S(u—2, k, p+in) much as it 
stands in Eq. (10) of reference 1. By the same general method we find 


1-t 
B(p+in, 


1 p—li+in —tu u—1—2p —tu) 
f (— 2k+1—p, 2k; ) au, 
where s= 2ix/(b+ix+tko), t= 2iko/(b+ix+iko) and x= —st/(1—s—t) 

Now, although F(k, 2k+1—u, 2k), in the integrand approaches unity as a?—0, it is necessary to 
have a usable expression for it, good for a?~1, and also uniform in k and e. We make the following 
definitions: 

n(u)=(1—x.(u) 


Then, by the usual definition 


F(k, 6, 2k; 1—x.)= 


1 ett 
B(k, 2 -1 (1—nv)* 
Now, | 7(u)| <1, and hence (1—7v)~* may be expanded in powers of nv, from which we find 


F(k, 6, 2k; Jn?(u) +--+}. (2) 


Successive terms are seen to diminish rapidly as k increases. 
The normalization is also carried out in reference 1 (p. 63) 


N= | ]B(p+in, p—in), 
!]}, 
= 
N?= (1+201). 
It is now merely a matter of substitution to find the following expression 
a2rNo 2x ) 2¢(2k+1) | p+in| T'(k) 
1 


— 1) }} 
(1—2)i" hkox* —t/ (4k+1)e+1 p |T\(p+in) | 


(- 

a? /2k 1 


where y, =x(u—u?)/(1—xu). In forming 7,(+), cos y has been set equal to unity, and p equal to 
Rol 2n — (e—1)/(e+1) =hoa’/2p(2p+1). 
The errors in volved are ~a’/8k’, or, as will be shown, of O(a?/8é). 


—(1—x,)v 


Ta(+k)= 


(1 
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(k | 
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Now after |J.(+)|* is written as a double integral, the sum 
> k 
2 


js seen to occur. Since this sum converges for all yu», it will clearly be permissible to perform the 
summation before the integration. Actual summation shows that terms whose k dependence is of 
the type 1/k with respect to the first term, go into terms? of the type 


(1—yuye) /(3 — 28) 
1/k® terms become terms of the type 


(1—yuyv)?/(3 — 25) (2—28), etc. 


On further investigation we find the only important values of y,, yp are of the order of (1-—1/e), 
and these are for « in the neighborhood of 1—(1—-x)!. For this value of u, | (u)| ~a/2. 

One sees that it is now possible to evaluate o to any desired degree of accuracy. For the present 
we shall be content to drop all terms of the order of 5/¢ or smaller. Consequently we set 


(a) | ke = = 
(b) | 
(c) 


This error (c) is not ~6/e, but ~1/(4k+1). Since it occurs only for +k states, the error is <1/8k 
~O(1/8e). 


(d) (n(u) 1. 


Then, if we write 


2maNo(2k)® sme™"(e+1)\ ! 
A=x ( ) 
hkox* 


—x?(u) 1—xu 2kn(u) 
I,(—k) = — 1) }} 
2k\e+17 yu 

2k n(u) k 
T,(—k) = AL f P(u) (= L-M CM 2CM) 

2kyw \e+1 k 
where the lines —— mean the factor in the integral of 7.(+) appearing before the factor y,*~', and 

tie, 


v; flu, -Jaudo= ff F(u, of fi(u, v) +++ 


We have written = {Si'o(u, k)@(v, k)dudv. The function F(u, v), has a rather sharp maximum 
for u~v~ (See appendix.) 
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_1+x2(u) 1+pi/e—1 1—x/?(u) 
1+x2(u) ites 
2x1(u) (=) x,(u) 


1—x/(u) 
L 


1+x? 
M(u)= (1+7?/2k), 


—1/3«)~3. 


In what follows we shall write down only the term Q of Js(+k) and the term P of J3(—k), as we 
shall see the others will not be needed explicitly. Similarty for the first term of J.(+) and of J.(—R). 
To the degree of our approximation 


I'(4—28) 


( (ude) 


(1 | 3 


and hence 
1 


)(1—xv) 
l—xu 
1-—*x/(v) 


dudv 
*(k) + J= | nf f (1 


The expression 7 contains every term originating in the second and higher terms of the J,’s and J;'s. 
It may easily be written out by reference to the J's. It may be shown 7 is of O(1/e). Hence, if T 
contains 6 linearly, according to our convention 6 is therein neglected. An examination of all errors, 
including the neglect of 6 in 7, indicates that the effect on a is a fractional error <56/«. 

Eq. (3) is now essentially our result. By retaining terms of higher orders than those we have con- 
sidered, the method may clearly be employed to obtain any desired accuracy. 

The resulting double integral may be evaluated numerically for large energies, and, due to the 
fairly rapid variation of (1—y,y,)~* around its maximum, the labor is not enormous. The method 
also applies for hv/mc? <1, only then the approximations (a) and (b) are invalid. A suitable modifica- 
tion may of course be made. However, as this case has received treatment elsewhere, it will not be 
discussed at present. 

We shall now proceed to show how Eq. (3) may be evaluated approximately for the important 
case 


c= 


nt 
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The integrand of Eq. (3) is observed to differ from that which we should obtain by neglecting 6 


consistently throughout, only by the factor 


- (1-20) /(1-£2(2)) PL — (4) 


We assign « and v the value 1—(1—x)! in this factor, and remove it from under the sign of in- 


tegration.* The removed factor becomes 


One may therefore write 


o= oo 1+6/3 


where! 


B=tan- [a/(ko’ — x’) ]+tan— [a/(ko’ +x’) ], 


Or, in order to be consistent with the approximation made in removing (4) we write® 


c= 
where, 


(5) 


ag= 2ne*/he; 


R= (ko (1/2eko’) log 


IV 
NUMERICAL CONSIDERATIONS AND SUMMARY 


The total photoelectric absorption from the 
K-shell, is tx=20, since o is the value per 
electron 

4 rae? -R 


eal r—2a) 


(6) 
1.16X10-*Z-R 


a a® x—2a) 


It will be of interest here to compare the result 
Eq. (6) with experiments on lead only, since 
only for very large Z can the photo-absorption 
compare with the total absorption. 

If the total absorption per atom, found experi- 
mentally, be designated by A, we have the 
results in the table, for the gamma-rays of Th C” 
(A=4.7 X.U.). oxw is the Klein-Nishina scatter- 
ing cross section. See Table I. 


* This point is discussed in appendix (b). 

‘The term +a? log was 
first evaluated by F. Sauter, Ann. d. Physik 11, 454 (1931). 

5 An analytically consistent expression for Eq. (5) would 
neglect the factor exp (2a). There is plenty of justification 
for retaining this factor, however, as it belongs to the 
coefficient A, The error made in the integral by removing 
(4), is actually negligible, whereas exp (2a*) is not. 


TABLE I. 
Pb A=4.7 X.U. (=5.15 mc? = 2.65 X 10° e.v.) 
Z Achao A Tarrant °KN TK 
82 13.4K10-% 10.2x10-* 1.110-% 


The photo-absorption is thus less than 10 
percent of the total absorption observed. It is 
also in good numerical agreement with Gray’s® 
extrapolated empirical formula, which may be 
written 


= 1.67 K +048 log in X.U. 
=1.3X10-*, for \=4.7 X.U. 
~1.0X10-* from the K-shell alone. 


For the case of A=11.0 X.U. (Ra C), an 
energy appreciably smaller than for Th C”’, we 
have for lead (from Eq. (6)) 


tx =3.2X10-* cm’. 


This checks satisfactorily with the result of 
McDougall and Hulme,’ who have given a 
rigorous computation for this case. They found 


tx =3.6X10-* cm’. 


6 L. H. Gray, Proc. Camb. Phil. Soc. 27, 103 (1931). 

7 J. McDougall and H. R. Hulme, Nature 132, 352 (1933). 
I am gratefully indebted to Messrs. McDougall and Hulme 
for notifying me of their results before publication, and to 
Mr. Hulme for his friendly correspondence. 
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As discussed in reference 1 (see Table I for the 
case of Pb), Chao, Tarrant, Gray and several 
others, each found more absorption of hard 
gamma-radiation by various elements than can 
be accounted for on the basis of pure Klein- 
Nishina scattering. Due to the Z® behavior 
of tx it is obviously impossible for all the 
extra absorption to be photoelectric in char- 
acter. For, as is well known, the extra absorp- 


HARVEY HALL 


tion increases roughly with Z*. Thus, it js 
also clear, because of this monotonic increase 
with Z, that it is untenable to attribute the 
extra absorption to nuclear effects. Recently a 
suggestion was made by Blackett and Occhialini, 
that the extra absorption might be due to the 
formation of positron-electron pairs. The calcu- 
lation of Oppenheimer and Plesset* shows beauti- 
ful agreement with most of the experimental 
data, and thus confirms the suggestion. 


We conclude with a brief discussion of the discrepancy between the result Eq. (20) of reference 1, 


and our present Eq. (6). 


An inspection will show that an apparent neglect of terms of O(a) in Eqs. (1) would lead, instead 


of to Eq. (3), to 


1 al 


J 


e—1\!1—x2(u) 
e+1 


+co 


where 


YuP o(u) = ( (w) 


dudv 
Po(u)Po(v) + Qo(v)Qo(v) }, 
(1—yuye)4 


( 


(3’) 


—) 1—x/?(u) 


x.(u) 


This may be shown to lead to a result about four times that obtained from Eq. (6). 
Now, if a0 in Eq. (19) of reference 1, one finds, instead of Eq. (20), reference 1, a result which is 
also about four times that of Eq. (6). This is true because F(2—a?/4, a?/4, 3/2; 1— a, as a0, 


instead of approaching unity.° 


The discrepancy between the theoretical results is now seen to be essentially accounted for, and 


the agreement with experiment is satisfactory. 


APPENDIX 


(a) The following discussion is given to provide a simple way of understanding the integral of Eq. (3). 


The expression 


—xu) (1 —xv) }"'dudv 


may be evaluated strictly. For €>>1 it is equal to 2e/9. We shall see how this occurs. If the integrand is given its value 
at u=1—(1—x)!~1—}e;ie., at the point where (1—y,y,)~* is a maximum, the important region Au of u (and v) may be 


found by solving the equation 


AuAv[(1 —xu) "(1 201-12)! = 


for AuAv. We find AuAv~8/9e. Since (1—y,¥,)~* is relatively small unless both u and v are ~1—}e, the inyportant 
region for u (and 2) is in a range ~ }« in the neighborhood of 1—}e. 
Now it is of course conceivable that the presence of the factor 


might seriously distort the integrand just discussed. An examination of the factor (7) will make this appear unlikely. 


8 J. R. Oppenheimer and M. S. Plesset, Phys. Rev. 44, 
53 (1933). 
®It should perhaps be mentioned, however, that the 


numerical results presented in reference 1 were computed 
accurately on the basis of Eq. (18) for the values of Z 
and ¢ in question. 
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To investigate this point, we solve Eq. (3) for the double integral in question, using the known value of oo. Since 


Ao|?/hv = /2ko'x”® 


we find 


f'fta — xu) "(1 — {expression (7) o> 1. 


We can get just this result by removing (7) from the sign 
of integration, and assigning x;:(u)=(1—xu)(1—x)~e-8 
the value e~®2y2, and 1/x:(u) the value e®2y2. In the 
one ‘case u=1—(1—x)!-2V¥2, and in the other u=1 
-(1—x)3/2V 2. This is reasonable since 1/x; moves the 
maximum towards u=1, whereas x; moves the maximum 
towards 1=0. We conclude therefore that in all factors of 
interest « may be considered as being in the range of values 


1—(1—x)!-a, where 1/2¥2<a<2y2. 


The variation of all factors actually removed is considerably 
less than the variation in 1/x;, or x:;, and that means less 
than the variation in (7). 

All this has been verified by an entirely independent 
study. The non-separable factor 


1/(1—yuye)* (8) 
may be replaced by the separable factor 
(9) 


where A is a constant. If the fractional difference of these 
two expressions (8) and (9) be designated by y, a relation 
between y, and ¥, is so defined. It is given by the equations 


(YuF b) = (10) 


where 

Now, if A is given a value, say unity, and a particular 
value of uw is considered, a region is defined inside which 
the fractional difference between (8) and (9) is less than x. 
In general A would be chosen so as to make this region as 
large as possible for a given uw. The region is bounded by 
branches of the two rectangular hyperbolas (10). In Fig. 1 
the region in question is shaded, It has been found for 
the value n=}. 

This method may be slightly generalized by writing for 
(9) 


In this manner a thorough investigation of (3) may be 
conducted, and this leads substantially to the results 
outlined above. 
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(b) The effect of removing the factor (4) from the 
integrand may be seen as follows. If we set u=v=1 
—(1—x)!-a, where a is in the neighborhood of 1, then we 
may write approximately 


Yu=1—(a+1/a)/2ko’, 
1—xu=a/2k’, 
x1(u) =ae®, 
and the removed factor (4) is 
which reduces to 1/(2k9a)* for a=1, The factor 


differs from unity (for Z=82, e~5) by only 25 percent, 
when the integrand has fallen off to (1/e)’th of its maxi- 
mum value. 
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The Half-Life of Actinouranium 


Forrest WESTERN AND ARTHUR E, RuArRK, Missouri Valley College and University of Pittsburgh 
(Received March 10, 1934) 


Values of the half-life of actinouranium are obtained 
from data on a Morogoro pitchblende and a uraninite 
from Great Bear Lake, analyzed by von Grosse and 
Marble, respectively. Computations were made with two 
extreme values, 0.03 and 0.04, for the actinium ‘‘branching 


ratio” B. Half-life values in 108 years are: 


B 0.03 0.04 
Morogoro 3.235 4.54 
Great Bear Lake 4.65 6.21 
Mean from 4 minerals 3.38 4.45 


[N earlier papers it was shown! that it is very 

probable there is only one actinouranium 
isotope. On this basis we derived a set of equa- 
tions which made it possible, using data on 
radioactive minerals, to determine the decay 
constants of U I and AcU, as well as the ages of 
the minerals. Recently, Aston? has verified his 
earlier results on the isotopic constitution of lead 
from Katanga pitchblende, Norwegian thorite, 
and Wilberforce uraninite, which were discussed 
in our papers. He gives data for two additional 
minerals, a Morogoro pitchblende and a Great 
Bear Lake uraninite. 

Table I gives relevant data. The chemical 
analyses are due to von Grosse*® and J. P. 
Marble,‘ respectively. 

Both these minerals are suitable for com- 
putation of the half-life of AcU. The Morogoro 
material contains only a trace of thorium, so 
that all the lead may be considered radiogenic, 
while the absence of thorium in the Katanga 
material makes it possible to correct for the 
presence of ordinary lead, by using Aston’s 
figures for the relative abundance of isotopes in 


1 Western and Ruark, J. Chem. Phys. 1, 717 (1933); 
Phys. Rev. 44, 675 (1933); Phys. Rev. 45, 69 (1934). 
A slight correction to the second paper should be noted. 
The numbers given for the half-life of AcU in the abstract 
are means of half lives obtained from two minerals. They 
may be replaced by the half-lives corresponding to the 
mean decay constants. 

2 Aston, Proc. Roy. Soc. A140, 535 (1933). 

3 A. von Grosse, Phys. Rev. 42, 565 (1932). 

* Quoted by F. L. Hess. Other samples are discussed in 
Report of the National Research Council Committee on 
Geologic Time, 1932, page 3. 


the latter. In the absence of direct atomic weight 
determinations, we may compute the atomic 
weight of the lead in each of these minerals from 
its isotopic constitution. When we apply Eggs. 
(16), (17) and (18) of our earlier paper® on the 
half-life of AcU to a thorium-free mineral, using 
an atomic weight computed from the _per- 
centages of the lead isotopes, the results are 
practically independent of the exact values 
adopted for the weights of these isotopes and 
of uranium, which are still in doubt by several 
hundredths of a unit. In the case of Great 
Bear Lake, the rare isotopes 203, 204, 205, 209, 
210, present in common lead, were taken into 
account, at least approximately, although cor- 
rection for them changes the final results by a 
negligible amount. Just as before, we have 
carried out the computations for two values of B, 
the actinium “branching ratio,"’ namely 3 and 
4 percent. Table II shows results for all the 


TABLE I, Morogoro Pitchblende and Great Bear 
Lake Uraninitte. 


Great 
Bear 
Morogoro Lake 

Percentage U: 70.45 52.06 
Percentage Th: About 0.2 0.0 
Percentage Pb: 8.30 10.48 
Pb/U: 0.1178 0.2013 
(Radiogenic Pb)/U: 0.1178 0.1919 
Isotopic constitution of Pb, percent: 
93.1 89.8 
6.9 7.9 
0.0 2.3 


> Western and Ruark, Phys. Rev. 44, 675 (1933). 
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TABLE II. Decay constants of AcUX 10°, in yr.“ 


Material B=0.03 B=0.04 
Morogoro pitchblende: 2.15 1.53 
Great Bear uraninite: 1.49 1.12 
Norwegian bréggerite: 2.62 2.07 
Wilberforce uraninite: 1.94 1.51 
Means 2.05 1.56 
AcU half-life, yr. 3.38 X 108 4.45 x 108 


minerals we have studied. The spread of the indi- 
vidual values is unsatisfactory, but it appears 
probable that study of further minerals will not 
change the mean decay constants for given 
values of B by more than 25 percent. The out- 
standing difficulty is the uncertainty of B. 

The half-life of U I (insensitive to change of B) 
is found to be 4.58,;10° yr. from Morogoro, 
and 4.57;X10° yr. from Great Bear Lake, in 
agreement with the value given in our earlier 
paper. 

Using the mean decay constants of Table II, 
we can write a simple equation for the age ¢, 
applicable to any thorium-free mineral for which 
we can deduce the amount of Ra G. For such 


minerals, ¢ is insensitive to changes in B, hence 
we may use a mean value, B=0.035. Then Eq. 
(17) of our earlier paper® becomes : 


t= 15,220 (1+1.158 Ra G/U) million years. 


It must be noted that Ra G refers only to that 
part of the 206 lead which is of radioactive 
origin. This equation yields ages of 790 and 
1240 million years for the Morogoro and Great 
Bear Lake materials, respectively. 

We wish to thank Professor A. C. Lane, 
Chairman of the Committee on the Measurement 
of Geologic Time, for stimulating correspondence 
and for information in regard to the chemical 
analyses of these minerals. 

Note added in proof: Francis and Da-Tchang*® 
find 0.04 for the actinium branching ratio, by 
the older method which involves precipitation of 
actinium with tantalum. Marble’ gives 206.054 
for the atomic weight of the Great Bear Lake 
material. 

Francis and Da-Tchang, Comptes Rendus 198, 733 


(1934). 
7 Marble, J.A.C.S. 56, 854 (1934). 
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Disintegration of Sputtered Deposits 


A, JOHNSON! AND Louis Harris,*? Massachusetts Institute of Technology 
(Received January 11, 1934) 


When an edge or slit is interposed between a cathode and a receiver the sputtered deposit 
shows an anomalous distribution. The pattern obtained is shown to be due to disintegration 
of the deposit by neutralized positive ions of the sputtering gas reflected from the cathode. 
It is concluded that the sputtered particles have either a low velocity or consist of atomic 
clusters, It is also shown that electrons having an energy corresponding to more than 2000 
volts cause a disintegration similar to that caused by positive ions. 


[N an attempt to obtain uniform thin deposits 
of metals by cathodic sputtering at low 
pressures, several interesting phenomena have 
been encountered. Our experiments show that 
in the normal sputtering process the rate of 
deposition on a receiver is determined (1) by 
the rate at which particles of the cathode 
material strike the receiver and (2) by the rate 
of disintegration of the deposit by particles 
originating at the cathode. The combination of 
these two simultaneous processes at the receiver 
causes the anomalous deposits observed by 
Baum,’ Blechschmidt,* Miinster® and by us. It 
is possible to draw some conclusion with regard 
to the velocity and nature of the particles 
involved. The apparatus has been described® in 
detail but a brief outline will be given here. 

The sputtering apparatus was enclosed in a 
bell jar of approximately eleven liters capacity. 
Cathodes, cast from pure metals, in the form of 
circular disks were sputtered in an atmosphere 
of pure argon. The anode consisted of a cylinder 
of aluminum which supported a horizontal inner 
shield. This shield restricted the sputtering to a 
limited angle above the cathode. The.glass plates 
to be sputtered were connected to an aluminum 
ring which could be rotated by means of a 


‘Round Hill Research Division, Department of Elec- 
trical Engineering. 

? Contribution No. 324 from Research Laboratory of 
Physical Chemistry. 

5 Baum, Zeits. f. Physik 40, 686 (1927). 

* Blechschmidt, Ann. d. Physik 81, 1012 (1926). 

5 Miinster, Zeits. f. Physik 75, 716 (1932). 

® Harris and Johnson, R.S.1. 5, 153 (1934). 


ground joint at the top of the bell jar. The 
plates were about 10 cm above the cathode. 

Instead of a uniform deposit the plate often 
showed patterns such as those in Fig. 1. The 
type of pattern changed rapidly with pressure 
and voltage and could seldom be reproduced 
exactly. The patterns were obtained with bis- 
muth, antimony and gold. 

It was found that this type of pattern was 
caused by a disintegration of the deposit by 
secondary electrons originating at the cathode. 
When these electrons were deflected by a 
magnetic field of 100 gauss the current to the 
aluminum ring changed from 2000 to less than 
10 microamperes. No patterns were obtained 
when the electron current was deflected by the 
magnetic field. 

The threshold at which electrons cause this 
type of disintegration on bismuth was determined 
approximately by noting at what voltage the 
patterns first appeared when no magnetic field 


Fic, 1. Pattern due to disintegration of deposit by electrons. 
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was applied. No pattern was apparent when the 
sputtering was done at 2000 volts but a very 
definite pattern appeared at 3000 volts. Since 
most of the electrons originate at the cathode 
the electrons are accelerated by a voltage very 
nearly that applied between anode and cathode. 
The threshold of disintegration by electrons, as 
indicated by the above experiments, is between 
2000 and 3000 volts. 

The disintegration by electrons might be 
applied to provide a convenient way of deter- 
mining the distribution of electrons that strike 
a surface. 

When templates were used to confine the 
sputtered deposit to a narrow region on the glass 
receiver, a geometrical shadow of the template 
appeared as long as the template was in actual 
contact with the glass. However, if the template 
was at some distance from the receiver the 
deposit showed three maxima. The magnetic 
field was applied in these and all the following 
experiments. In addition to the maximum di- 
rectly behind the slit of the template, two others 
appeared beyond the geometrical shadow. The 
same type of deposit was obtained if half the 
template was cut away, leaving an edge. Fig. 2 
is a tracing of a microphotometer curve of a 
bismuth deposit for the latter case with the 
template 1 cm from the receiver. Two milli- 
amperes at 6000 volts and a pressure of 2107 
mm of Hg were used. When the slit was made 
very narrow, however, the character of the de- 
posit changed entirely. No deposit now appeared 
in the geometrical shadow of the slit but a maxi- 
mum deposit appeared on either side of the 
shadow. Fig. 3 is a tracing of a microphotometer 
curve for a typical case. The slit was 0.8 mm 
wide and was 1 cm from the receiver. 

Changes in pressure (from 10 to 40 microns), 
voltage, current, potential of slit, or the type of 
slit edge produced no appreciable change in the 
nature of the pattern. However, the separation 
of the maxima increased as the distance of the 
slit to the receiver was increased. Similar results 
were obtained with antimony and gold. 

Blechschmidt* described some patterns ob- 
tained when a diaphragm with a hole in it was 
placed between the cathode and receiver. He 
believed that some effect was taking place at 
the edge of the hole in the diaphragm since the 
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Fics. 2, 3, 4, 5, 6, 7. Tracings of microphotometer 
curves of sputtered deposits. The ordinates represent the 
density of deposits. 


thickness of the diaphragm seemed to influence 
the nature of the pattern. His results are in 
terms of visual observation and are similar to 
the ones found here with wide slits. 

Baum published photographs of sputtered and 
evaporated deposits on a plate behind a dia- 
phragm with a small hole. The cathode was in 
the form of a cross. A photographic reproduction 
of his results seems to show that there was less 
deposit directly behind the hole than in the rest 
of the deposit, although he makes no mention 
of this. Evaporation from a sheet of platinum 
of the same form as the cathode, produced a 
dark spot in the center behind the hole in the 
diaphragm. 


Miinster® obtained some unusual results using ' 


a quartz fiber close to his receiver. His cathode 
consisted of a silver wire oriented parallel to the 
quartz fiber. He obtained two or three maxima 
of deposit inside the geometric shadow of the 
fiber with a deposit of less density outside the 
shadow. He found that the maxima fused 
together as the fiber was moved away from the 
plate. He proposed no definite explanation for 
the phenomenon but believed that a strong 
electric field in the neighborhood of the fiber 
may have been largely responsible for the effect 
produced. 

We have considered that the patterns might be 
due to the action of an inhomogeneous field ex- 
isting at the slit and acting on the charged sput- 


\ | 
n 
e 
y 
| 
| 


632 ELLIS A. 


tered particles. However, no apparent change in 
the pattern occurred when the slit potential was 
changed over a range of 200 volts. Moreover, 
the evidence’? seems to be that most of the 
sputtered particles are not charged. 

It does not seem that the effect is essentially 
due to scattering by collisions of the sputtered 
particles with the argon, since in that case a 
maximum deposit would be expected behind the 
center of the slit. It is not to be inferred, how- 
ever, that scattering by the gas is not an im- 
portant factor in the sputtering process—even 
at pressures as low as 10 microns. The original 
directions of the sputtered particles may be 
considerably changed at the pressures used here. 
This results in a deposit of matter not directly 
in the optical path of the cathode. The deposit 
around a hole on the far side of a glass plate 
being sputtered directly over the cathode is an 
example. At higher pressures the scattering 
plays an even greater réle in distributing the 
sputtered particles throughout the bell jar. 

Dr. E. S. Lamar suggested to us that the 
patterns might be due to preferential angular 
emission of sputtered particles from the cathode. 
Such an emission might be expected on the basis 
of the theory of accommodation coefficients as 
developed by Compton and Lamar.*® If more 
particles were emitted at small angles to the 
cathode than normal to the cathode, a slit would 
produce just such an effect as we have observed. 
If a cathode sputters preferentially the deposit 
on a plate placed directly above the cathode, 
should have a greater density around rather than 
at the center and the effect should be most 
marked for small cathodes. Accordingly, we 
prepared a small cathode of bismuth (bismuth 
7 mm diameter) set in aluminum and sputtered 
it for 12 hours at 6000 volts and a pressure of 
20 microns on to a glass plate. No diaphragms 
or slits were interposed between cathode and 
receiver. The plate showed a minimum of 
deposit directly above the bismuth cathode, as 
had been predicted. Fig. 4 is a tracing of the 
microphotometer curve through a midsection of 
the plate and shows no observable deposit 
directly above the cathode. Similar curves were 


7 vy. Hippel, Ann. d. Physik 80, 672 (1926). 
§ Compton and Lamar, Phys. Rev. 44, 338 (1933). 
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obtained at other voltages and pressures. The 
minimum of deposit at the center appeared to 
become sharper and narrower at low pressures 
and high voltages and more diffuse at higher 
pressures. Although such preferential sputtering 
could account for the patterns obtained, with 
narrow slits, it could not account for the other 
phenomena. 

It occurred to us that the patterns might also 
be due to a disintegration caused by bombard. 
ment of the deposit by neutralized argon atoms 
reflected from the cathode. Accommodation 
coefficient measurements’ indicate that such 
particles might have velocities corresponding to 
as much as one-half the velocities of the positive 
ions striking the cathode. It has been observed? 
that neutral atoms produce “sputtering” and 
might therefore be responsible for the patterns, 
provided of course that the neutrals left the 
cathode at preferential angles. 

To test this possibility, we sputtered three 
series of plates each with a current of two 
milliamperes. Tracings of the microphotometer 
curves taken through the central part of the 
deposits are shown in Figs. 5 and 6. Fig. § 
illustrates the results using a 50 mm cathode of 
bismuth. The origin of the minimum will be 
discussed below. A bismuth cathode set in glass 
instead of aluminum gives a maximum deposit 
directly above the cathode, as differentiated from 
the case of Fig. 4. This indicates that the 
aluminum part of the cathode (used for Fig. 4) 
is of some importance in determining the nature 
of the deposit. Fig. 6 illustrates the disintegration 
of a sputtered deposit produced by using an 
aluminum cathode. A glass plate was sputtered 
for half an hour using a 50 mm diameter cathode 
of bismuth (similar to result of Fig. 5). Then 
the bismuth cathode was replaced by a 7 mm 
cathode of aluminum set into glass, and the 
sputtering resumed toward the sputtered receiver 
for half an hour. The disintegration of the 
deposit is presumably due to bombardment of 
the receiver by neutralized argon atoms. The 
striking fact is that a bundle of the neutrals 
seem to have been reflected normally from the 
cathode. The use of a large aluminum cathode, 
instead of a small one, removed a sputtered 
deposit almost completely. 


® Oliphant, Proc. Roy. Soc. A124, 228 (1929), 
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It is certain that no additional deposit was 
due to sputtering of aluminum. It is not abso- 
jutely certain that the disintegration may not be 
due to negative ions of argon accelerated by the 
field or by electrons originating in an ionization 
process. In view of the low current to the ring, 
when used as a collector, with the magnetic 
field applied, this seems unlikely. Furthermore, 
to our knowledge no evidence for the existence 
of negative ions of argon has been presented. 

Not all of the neutrals, however, come off 
normal to the cathode, because slits placed to 
one side of the cathode give deposits such as is 
shown in Fig. 7. The unsymmetrical pattern is 
readily explained by assuming that the sputtered 
particles come through the slit from all directions 
because they are so highly scattered, but that 
the neutrals causing the disintegration come from 
the cathode in straight lines. We have, therefore, 
a diffuse reflection of neutrals from the cathode 
in all directions, in addition to a concentrated 
bundle reflected normal to the cathode. 

If this disintegration is due to neutrals, the 
minimum in the deposit observed with the large 
cathode (Fig. 5) is presumably due to the same 
type of disintegration. The concentration of 
neutrals will be greatest at the center of the 
cathode due to focussing of the positive ion 
beam and thus accounts for the minimum 
obtained in Fig. 5. The assumption that an 
additional bundle of neutrals leave nearly normal 
makes the results indicated in Fig. 6 under- 
standable. It might be expected on the basis of 
Kingdon and Langmuir’s'® theory of sputtering 
that the high velocity neutrals would leave 
normal to the cathode. Ions that strike the 
cathode and cause no sputtering and are not 
trapped in the cathode will leave the cathode as 
neutralized atoms of high velocity. 

Experiments at different voltages indicate 
that the beam of neutrals tends to diverge at 
the lower voltages probably due to the increased 
scattering attendant with the higher pressures 
of gas. 

On the basis of these experiments we conclude 
that the patterns obtained are not due to a 
preferential sputtering as was indicated by the 
plate illustrated with Fig. 4. At the pressures 


” Kingdon and Langmuir, Phys. Rev. 22, 148 (1923). 


(10) an 


Fics. 8, 9, 10, 11. Curve A represents rate of deposit of 
sputtered metal. Curve B represents rate of disintegration 
of deposit. Curve C is the resultant. D indicates the slit or 
edge and in case of Fig. 11, the fiber. 


encountered here collisions between argon atoms 
and sputtered bismuth particles are of great 
enough magnitude to mask any preferential 
sputtering that might originate at the cathode. 
It is now possible to resolve the effect into its 
various causes, and to account without ambigu- 
ity for all types of patterns obtained by us and 
those of others mentioned here. The following 
analysis summarizes the individual processes : 


I. Particles leaving the cathode. 

a. Bismuth atoms or aggregates. 

b. Electrons travelling in straight lines. 

c. Neutralized argon atoms travelling at high 
velocities. 

II. a, The bismuth atoms that leave the cathode are 
scattered in all directions by collisions with 
argon atoms and positive ions, even at pressures 
as low as 10 microns. Of the bismuth atoms 
that strike the receiver and stick, a large number 
strike it at all angles to the normal due to the 
scattering process. 

b. Due to their high velocity only a small fraction of 
the neutrals are scattered. 

III. The deposit obtained is determined by the relative 
number and velocity of the electrons, neutrals and 
bismuth particles that hit the receiver. 

a. For the slit experiments, the electrons are 
removed from the sphere of action by the 
magnetic field, so that their effect may now 
be neglected. 

b. The use of templates with slits reduces the 
number of bismuth particles striking the 
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receiver directly behind the slit, since the 
bismuth would ordinarily strike from all angles. 

c. The slits do not materially reduce the number 
of neutrals since most of them hit the slit and 
receiver nearly normally. 


The deposits obtained with edges and slits are 
the results of two simultaneously opposing 
processes. (III. b. and c. above.) Figs. 8 to 11 
inclusive illustrate the cases of one edge, a wide 
slit, a narrow slit and a fiber (such as used by 
Miinster) ,* respectively. 

At the lowest pressure used here the kinetic 
mean free path was of the order of 1 cm, whereas 
the distance from the cathode to the receiver 
and slit was of the order of 10 cm. The fact that 
the neutrals of the sputtering gas reflected from 


AND LOUIS HARRIS 


the cathode are not scattered is presumably due, 
therefore, to their high velocity. The sputtered 
particles are scattered to a much greater extent, 
than the neutrals due to their much larger cross 
section. Therefore, it must be concluded that 
the sputtered particles have a low velocity or 
consist of atomic clusters. This aspect of the 
problem is under investigation by one of us. 

The fact that neutrals leave the cathode with 
high velocities leads to a simple design for a 
source of neutrals. The maximum velocity of the 
neutrals can be varied by controlling the velocity 
of the positive ions. 

The authors wish to thank Dr. K. T. Compton 
and Dr. E. S. Lamar for their continued interest 
and suggestions in this work. 
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Thermocouples for the Measurement of Small Intensities of Radiations* 


Louis Harris, Massachusetts Institute of Technology 
(Received January 5, 1934) 


The use of a.c. amplification of voltages produced in very thin thermocouples is proposed 
as a means of measuring small intensities of radiation. The theory of the proper design of 
such a couple is developed and a comparison of theory and experiment given. The sensitivity 
available is about 100 times greater than with the usual thermocouple galvanometer arrange- 


ment, 


HE purpose of this paper is to present the 
theory underlying the design of thermo- 
couples to be used with a.c. amplification. 
Measurements made with such couples indicate 
the feasibility of using a.c. amplification for 
measurement of small amounts of radiation. 

In the usual design of sensitive thermocouples 
employed for the measurement of radiation it is 
necessary to limit the resistance of the couples; 
otherwise full advantage of the galvanometer 
sensitivity cannot be utilized. This limitation 
results in an appreciable loss due to heat con- 
duction and prevents the use of multijunctions 
and of a number of materials which have a very 
high thermal electromotive force. 

The use of d.c. amplification is difficult because 
it does not permit the measurement of small 
voltages. However, the use of a.c. amplification 
seems quite promising. In the first place, para- 
sitic voltages can be minimized, and secondly, up 
to a certain point, the sensitivity is independent 
of the resistance of the couple. Losses due to 
Joule heating and Peltier effect are practically 
negligible with a.c. amplification. Although the 
voltage available for a.c. amplification is under 
the best conditions only 0.45 that available for 
d.c. measurement, the sensitivity attainable with 
ac. amplification is greater than with the 
galvanometers. The most sensitive galvanometers 
permit readings of about 510-8 volt; as low as 
10-* volt can be detected with a.c. amplifiers. 

It should be mentioned that the use of a 


*Contribution No. 325 from the Research Laboratory 
of Physical Chemistry. 


thermal relay! in conjunction with the thermo- 
couple-galvanometer system, or the use of the 
resonance principle: permits the sensitivity 
of the usual thermocouple-galvanometer sys- 
tem to be increased about 100-fold. Both these 
systems involve, however, the use of two 
galvanometers, vibrationless supports and con- 
siderable effort in installation. 

The usual technique for the construction of 
thermocouples is not applicable for thermo- 
couples that must respond to alternating radi- 
ation intensities. As will be seen from the 
development presented below, it is necessary that 
the thickness of metal be of the order of magni- 
tude of 10-5 cm and there must be no accumula- 
tion of metals at the junction. The necessity for a 
low heat capacity precludes the use of a separate 
receiver. Instead a large number of junctions 
must be used if it is not possible or desirable to 
concentrate the radiation beam. The thin couples 
have the advantage that the heat conduction loss 
is a small or negligible fraction of the total loss; 
so that when such couples are maintained in 
vacuo (1 micron or better) the reradiation is 
essentially the only loss. It was decided to make 
the couples for this work by cathodic sputtering 
on thin cellulose. The technique of sputtering and 
of constructing single and multijunction couples 
of Bi-Sb and Bi-Te has been described else- 
where.® 


‘ Moll and Burger, Zeits. f. Physik 34, 109 (1925). 
2 A. H. Pfund, Science 69, 71 (1929). 

3 J. D. Hardy, Rev. Sci. Inst. 1, 149 (1930). 

4F, A. Firestone, Rev. Sci. Inst. 3, 163 (1932). 

* Harris and Johnson, Rev. Sci. Inst. 5, 153 (1934). 
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Fic. 1. 


Let us now determine what conditions must be 
satisfied to obtain a couple that will respond to 
intermittent radiation. A heat balance leads to 
a differential equation whose solution is found. 
Consider a strip of metal (on cellulose), 1 cm 
wide, as illustrated in Fig. 1. 


Let © =Difference in temperature in degrees Centigrade 
between metal and surroundings. 
h=Thickness of couple (cm). 
a =Length from hot to cold junction (cm). 
x = Distance from hot junction to the element dx. 
c=Heat capacity of metal and cellulose—calories/ 
degrees/gram. 
p= Density of metal and cellulose—grams/cc. 
k=Heat conductivity—calories/second/cm thick- 
ness/cm?/second. 
j = Phase factor. 
w=2nf. f=frequency of intermittent radiation, sec- 
onds™!, 
t= Time seconds. 
A =Intensity of radiation incident upon the couple— 
calories/cm?/second. 
b=Fraction of incident energy absorbed. 
E® =Loss by radiation = —calories/cm?/second/ 
degree‘. 
T =Temperature degrees Kelvin. 
o = Radiation constant. 


Assume that the ends (x=a) are at room 
temperature. Consider an element of volume 
along the length of the couple, dx long. The rate 
of loss by heat conduction is —kX1Xh 
< (d?0/dx?)dx. The rate of loss by heat radiation 
is EX@X1Xdx. (The loss from the rear side of 
the couple is included in £.) The rate of heat 
absorption = bAe™’' Xdx X1. The rate of gain of 
heat energy cpX1XhXdxXd0/dt. Equating the 
rate of gain to the net gain of heat 


1Xdx xX 
/dx? =cpX1XhXdx /dt, 


EO+kh@PO/dx*. (1) 


To solve, let 0 = Xe*”‘; X being a function of x 
alone. 


dO/di=Xjwe'; d@O/dx? =d?X/dx’ei', 
Substituting into (1) 
jweph=bA — EX+khad?X/dx’, 
@PX/dx? = —bA/kh+(E+jweph)/kh. (2) 
A solution is 
X = D— + 
Boundary conditions: 0 =0, x= +a, X=0. 
/dx* = — + 
Substituting into (2) 
— + = —bA/kh 
+[ (E+ jwcph) /kh (cet (3) 
Eq. (3) can be true only if 
bA /kh—[(E+jweph)/kh|D=0; 
D=bA /(E+jweph), 
From boundary conditions (X =0) 
bA /(E+jweph) —cye** — = 0, 
bA /(E+jweph) — cget**=0, 
and 
c=[bA /(E+jwcph) (e+e) (4) 
Substituting into 0 = Xe’! 
0 =bA /(E+jwcph) 
[1 — +e) (5) 


Let // represent the fraction in the bracket. If /7 
can be neglected, the final solution becomes: 


(6) 
and the solution for the case of uninterrupted 
light is 

0 =)A/E. (7) 

The quantity [1/(1+(weph/E)?) |! called the 

attenuation factor, is equivalent to an inertia 
factor and is designated by V. 


Voltage obtained with intermittent radiation 


2.2 X voltage obtained with steady radiation 


In order to have V as large as possible weph/E 
must be kept small. Inasmuch as E is constant 
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(at constant temperature) and cp does not permit 
of much choice, the thickness of both metal and 
cellulose and the frequency of interruption of 
incident radiation must be kept as low as 
possible. 

The length of each element necessary to keep 
the value of 7 small, say below 0.2 of the whole 
bracketed term in Eq. (5), was determined for the 
different conditions of operation. If (e%*+e>**)/ 
<0.2, then e**+e-**<10. From Egs. 
(3) and (4) 


a=[(E+jweph)/kh }* 


J}. 


Three cases may be considered 


and 


1. weph<«E low frequencies and thin couples 
a=(E/kh)?. 


2. weph=E a =23(E/kh)}. 


a = (wep/k)}. 


For thicknesses of metal 510-5 cm or less the 
value of ZZ will always be less than 0.2 if @ is as 
much as 0.3 cm. The length of each element of the 
couple was therefore made 3 to 3.5 mm. The heat 
conduction loss along the cellulose is negligible 
for a length of even one mm of cellulose. 

It will be observed that the width of the couples 
has dropped out of the final expression. This is to 
be anticipated since an increased width results 
in more energy absorption but simultaneously in 
an equal amount of radiation loss. The single 
junction couples were made with the metal 
strips one millimeter wide, the multijunction 
couples with the metal strips 0.5 mm wide. The 
metals overlapped several tenths of a millimeter 
at the hot junction. The cold junctions were 
situated on the mica so that they would not 
respond to the periodic radiations. Figs. 2 and 3 
show the completed couples drawn to scale; the 
cellulose section at the center is sufficiently large 
to reduce heat conduction loss along it to a 
negligible quantity. 

To prevent breakage in handling it was found 
necessary to provide mounts for the mica frames 
supporting the couples. After being sputtered the 
couples were cemented to the mounts at the 
edges of the mica frame. Adjustable slits were 
screwed to the mount so that the radiation beam 


3. weph>E high frequencies 
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Fic. 2. Single junction thermocouple, to scale. 
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Fic. 3. Eight-junction thermocouple, to scale. 
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TABLE I. ’ 
Volts Attenuation factor 
Resistance 

Metals Junction (ohms) d.c. 270A 8104 90~ 270. 810, 

Single Junction Couples 

Bi-Sb__ Black 25000 9.6 4.62K10-* 1.43X10-* 0.5 10-6 5.9X10-2 2.8102 3.11073 
Bi-Sb__— Bright 1000 1.95X10-* 6.9 2.76X10-§ 9.2 3.18 7.8X1072 3.11072 10X10? 3.6 
Bi-Te Black 150000 2.5 3.36105 6.4 8.05X10-7 7.5 X10-8 2.5X10-2 48X10" 5.6 10-75 

Multijunction Couples 

Bi-Sb___ Black 243000 1.3 X10 1.13X10-§ 3.8 8.311077 5.0X10-2. 1.9107 64X10 1.4x10-3 
Bi-Sb__— Black 6000 1.211073) §=1.55X10-§ 5.47XK10-§ 1.721076 4.0X1072 2.8107 1 3.11073 
Bi-Sb__ Bright 55800 4.77 X10 1 X10 1.5 1.62X10-7 1.561078 4.7X107 7.0X10- 7.6X10- 7.2x10-— 


was defined close to the hot junctions. The 
mounted couples were screwed into a plate in an 
apparatus for blackening the junctions, black- 
ened, and then screwed into a similar plate in a 
housing (see below) for testing. For transpor- 
tation, the couples were screwed into a piece of 
flat brass contained in a small box. No couples 
were broken during transportation (automobile, 
140 miles). 

The thermocouple housing was evacuated by 
means of a butyl phthalate pump in series with 
an oil pump to about 0.1 micron as recorded 
by a calibrated hot wire gauge. A trap surrounded 
by ‘dry ice” was between the “butyl pump” and 
the housing and gauge. 


LIGHT SOURCE 


The light from a 108 watt ribbon filament, 
operated at about 75 watts was focussed on a 
slit about 0.8 mm wide. A “light chopper” 
operated by a synchronous motor was directly 
behind the slit. The ‘light choppers” were 
aluminum disks 30 cm in diameter having 1, 3, 9 
and 27 equally spaced open sectors respectively 
near their periphery. The frequencies obtained: 
30, 90, 270, 810 cycles, respectively, were chosen 
so as to minimize any 60 cycle in the fundamental 
or harmonics which would disturb the amplifi- 
cation due to 60 cycle “pick-up.” The light 
passing through the choppers was focussed on the 
couples, the spot of light being considerably 
larger than the area of the couples. The separa- 
tion of the slit jaws directly in front of the hot 
junctions was varied; for most measurements the 
slit width was 1.5 mm. 

The a.c. voltage produced was measured with a 
Rawson milliammeter on the output side of a 
sensitive tuned amplifier having a range from 30 


cycles to 5000 cycles. The housing with its 
couple was contained in a copper box together 
with the first stage of amplification. The d.c. 
voltages were measured with a sensitive galva- 
nometer together with a potentiometer arrange- 
ment. 

The results are presented in Table I. 


DISCUSSION OF RESULTS 


Fig. 4 represents the results to be expected 
from Eq. (5). The upper curve is one obtained 
for metals without backing material. The (B) 
curve is one obtained using Eq. (5) and for 
couples as used here. 
cellulose thickness 3 X10-§ cm 


metal thickness 110-5 cm (single junction); 510-6 
cm (multijunction) 


cp 0.56 
cp (metal) 0.3 
b 1.0 
E 1.5X10-* (Assumes very little re- 


radiation from back of 
couple.) 


The crosses indicate the experimental points. 


The experimental values seem to agree with 
the theoretical equation in the case of four of the 
six couples: for higher frequencies the attenuation 


1.0 


5 3 
LOG 
Fic. 4. Attenuation factor as a function of the frequency- 


thickness product. A, for metals without backing; B, for 
metals with cellulose backing (3 X 10-* cm thick). 
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factor decreases linearly with frequency while at 
lower frequencies the decrease of V with in- 
creasing frequency is less than linear. In the case 
of two of the couples the attenuation factor 
varies as the square of the frequency. This 
discrepancy may be due to the particular orienta- 
tion of slit and contacts in these two cases—a 
capacity effect being introduced which was more 
pronounced at the high frequencies. 

The results show that the sensitivity is 
independent of the resistance up to several 
hundred thousand ohms, at least. The extremely 
high resistance encountered in several cases was 
due to breaks in the metal films and this was a 
common fault, were care not exercised to have a 
smooth edge of mica at the center hole sup- 
porting the cellulose. 

The results also show that for couples of the 
thickness used it is necessary to operate at 
frequencies as low as 1 to 3 cycles to obtain the 
full sensitivity available. The cellulose is the 
chief contributing cause to the relatively high 
inertia and it can be minimized. The cellulose 
was made thicker than would ordinarily be used 
due to the transportation requirements. Unfortu- 
nately, an amplifier capable of responding to the 
low frequencies was not available; one is now 
under construction. 

The voltage output of the multijunction 
couples is only three times as much as that of the 
single junction couples, whereas eight times the 
voltage should be obtained. Recently, Johnson 
and Harris* have found that sputtered couples of 
Bi-Sb showed a thermal e.m.f. of 75 microvolts 
per degree for thicknesses greater than 10~ cm. 
Below this thickness the thermal e.m.f. decreased 
nearly linearly with decreasing thickness. Since 
the multijunction couples were about one-half 
the thickness of the single junction couples, the 
apparent discrepancy is explained. If we assume a 
value of 50 microvolts per degree for the single- 
junction Bi-Sb couples we must assign a value of 
400 microvolts per degree for Bi-Te couples. 
Massive couples of Te-Bi have a thermal e.m.f. 
of 600 microvolts per degree for the 8-form of 
tellurium and 200 microvolts per degree for the a- 
form.? It seems that most of the tellurium is in 


§ Johnson and Harris, Phys. Rev. 44, 944 (1933). 
7 Haken, Ann. d. Physik 32, 291 (1910). 


the 8-form, the modification obtained by cooling 
the nearly molten metal quickly. 

To test Eq. (7) the single junction couples were 
illuminated with the light from a 25-watt lamp 
without the use of lenses. The lamp had been 
calibrated against a standard with a commercial 
thermopile and galvanometer. 


Calories/ 
cm?/ 
Volts second 
8.8 x 10-6 44x 10-* 


Substituting the value of A in Eq. (7), 0=6A/E, 
and assuming b= 1, @ =0.29° temperature eleva- 
tion of hot junction. The Bi-Sb couple (504 V/°) 
gives a calculated temperature elevation of 
0.176°C; the Bi-Te couple of 0.19°C. It does not 
seem reasonable to ascribe the discrepancy to a 
heat loss. The fact that no increase in voltage was 
obtained when the slit jaws in front of the couples 
were opened from 1.5 to 3 mm confirms this 
belief. If one assumes, however, that the area for 
reradiation is two times as much as the effective 
receiving area the agreement is satisfactory. 


SENSITIVITY 


A single junction Te-Bi couple operated at 1 
cycle per second will respond to an energy 
density of about 210-"° calorie/cm?/sec. (1.5 
X10-* volt), or if all the energy is concentrated 
on the couple, of about 2X10-" calorie/sec. 
When it is considered that the most sensitive 
wire couples used in conjunction with a high 
sensitivity galvanometer under ideal conditions 
respond to about 1X10-* calorie/cm?/sec. (1 
X10-* volt) (scale 3 to 5 meters distant and no 
allowance for drift)* the use of thermocouples as 
described here seems highly promising for meas- 
urements of small intensities. The resonance 
radiometer’: * and periodic radiometer appear to 
have an even higher sensitivity; however, the 
requisites for their operation are considerably 
more exacting. 

The multijunction couples described here offer 
a means of attaining still greater sensitivity. It 
would not be difficult to multiply the number 


*E. D. McAlister, Smithsonian Miscellaneous Collec- 
tions 87, No. 17 (1933). 
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of junctions even above the number used here 
and to make them more concentrated. Due to the 
poor heat conductivity along the surface of 
blackening only the region in the immediate 
vicinity of the junctions is active. 

The sensitivity of such couples may be still 
further increased by minimizing the reradiation 
loss. This may be done by a change in design and 
especially by operation at low temperature.”: 
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The requirements of a thermocouple for use in measuring alternating temperatures in air 
due to a sound wave are discussed. Such a thermocouple has been built and used up to 5000 
cycles per second. It is believed that the range can be extended to 300 kilocycles per second, 
The thermocouple offers an absolute means of measuring sound intensities at supersonic 


frequencies, 


LTHOUGH the theory of sound is one of 
the oldest in the history of physics, it has 
been difficult to obtain accurate experimental 
verifications of the theory. The reason for the 
deficiency lies in the fact that the measuring 
instrument used must have such physical di- 
mensions that it does not disturb the field to an 
extent that seriously impairs the accuracy of 
measurement. The conclusion was reached that 
a thermocouple for the measurement of excess 
temperature would not be subject to this draw- 
back and would thus provide a solution to the 
problem of absolute measurement if sufficient 
sensitivity could be realized. Such a thermo- 
couple has now been constructed and used up 
to frequencies of 5000 cycles per second. Theo- 
retical considerations indicate the possibility of 
extending the range to 300,000 cycles per second. 
The diffraction caused by an object in the 
path of a sound wave is essentially determined 
by the ratio of a wave-length of the sound to the 
dimensions of the object. It is not usually 
possible to calculate the amount of diffraction 
for a given obstacle, but the special cases of a 
sphere! and ellipsoid have been worked out and 
the results indicate that for a disturbance of 
less than two percent the ratio is of the order of 
ten times. Using the above figure as a rough 
criterion for obstacles of other shapes, we have 
a measure of the limitations of the various 
measuring devices. 
The excess temperature of a standing sound 
wave has been measured by measuring the 


* Roundhill Research Division, Massachusetts Institute 
of Technology. 
' Ballantine, Phys. Rev. 32, 988 (1928), 


change in resistance of a hot wire due to change 
in ambient temperature.*:*:4 In the case of a 
standing wave, although the temperature of the 
wire at a node is unaffected by particle velocity, 
its temperature does change with ambient tem- 
perature, and therefore depends upon the excess 
temperature of the medium. 

It seemed possible to construct a thermocouple 
thin enough so that the hot junction would 
follow the temperature variation of a sound 
medium, in a manner that could be calculated. 
Since no current need be passed through such a 
thermocouple, its temperature would depend 
only on the ambient temperature. The couple 
would measure the excess temperature and 
would therefore determine the pressure of the 
sound field in any sound wave. 

In order to obtain a reasonably low resistance 
it was thought that the thermocouple could best 
be made in the form of a very thin strip of metal. 
In order to determine the necessary requirements 
with regard to thickness of the strip and the 
constants of the metals, the problem was formu- 
lated theoretically and its solution follows. To 
facilitate the calculation, we shall treat the case 
of an infinite sheet immersed in a gas of infinite 
volume, whose pressure is varying sinusoidally 
and adiabatically about a mean value. The 
restrictions this treatment places on the appli- 
cation of the theory to the experimental case will 
be pointed out later. 

The Fourier conduction equation in each 
medium is: 


2 Frieze and Waetzmann, Zeits, f. Physik 29, 110 (1924). 
3 Frieze and Waetzmann, Zeits. f. Physik 31, 50 (1925). 
4 Frieze and Waetzmann, Zeits. tf. Physik 34, 131 (1925). 
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Cpd¢/dt=Q+ KV’ ¢, (1) 


where: g=temperature of medium; C=specific 
heat of medium for constant volume; p=density 
of medium; K = thermal conductivity of medium; 
Q=heat generated in unit volume in unit time; 
t=time. In the metal no heat is generated, so 
denoting the metal by the subscript (1) we have: 


Cipi0 ¢1/dt = KiV* (2) 


In the gas it can be shown’ that if the expansion 
of the gas is adiabatic (as in a sound wave) and 
if the pressure varies as 


(3) 
Then in the gas we have: 
Oyo’ /At = (K2/C2p2)V* 92’, (4) 


provided we assume that the metal sheet removes 
a negligible amount of heat from the gas. Here 


where @= amplitude of excess temperature vari- 
ation and w= 27 times the frequency of pressure 
variation. 

Let the thickness of the sheet be 2a. With 
rectangular coordinates and applying the bound- 
ary conditions we have as a solution for ¢g; at 
the center of the metal sheet 


¢1 = Veer! (6) 
where 
(7) 
and 


d n=w/2r. 


Thus V is an attenuation factor that gives the 
ratio of the excess temperature at the center of 
the sheet to the ambient excess temperature. 
The factor d is a constant for any given metal 
and gas, and depends upon the characteristics of 
the metal and gas. The attenuation factor V also 
depends upon the frequency with which #, the 
ambient temperature, varies, and the thickness 
of the sheet. 

Before discussing the limitations of these 
solutions as applied to the experimental thermo- 
couples, we can calculate values of the factor d. 
These values can be used to determine the metals 
for which the attenuation factor will be nearest 
unity for a given thickness of metal. 


Since we want to keep V as near unity as 
possible, we should choose metals for which 
d is small. The metals which have the smallest 
value of d are bismuth, antimony and tellurium. 
These metals form junctions which have a 
very high thermal e.m.f. Consequently, they 
are the most suitable metals to use in a thermo- 
couple capable of following high frequency 
variations in temperature. The values of d in 
air for these metals are: Bi, 4.0; Sb, 4.4; Te, 4.2. 

The attenuation factor V versus na® is tabu- 
lated in Table I for bismuth. 


TABLE I, Attenuation factor V for different values of na’. 


na* V na* V 
1x10°* 0.68 0.21 
51 64x10°* 19 
40 81x10-§ 17 

16x10-* 34 100 x 10° .16 
25 x 10-* 1,000x10~* 053 
36 X10°* .24 | 10,000 x 018 


From this tabulation the attenuation factor 
versus frequency for bismuth in air can be found 
immediately, if the thickness 2a of the sheet is 
known. A similar characteristic for antimony 
may easily be found. 

It is necessary to consider the form a thermo- 
couple must take in order to satisfy the condi- 
tions we have discussed. The requirements are 
that the sound field shall not be appreciably 
disturbed by the introduction of the thermo- 
couple, and that the solutions of the Fourier 
conduction equation obtained above may be 
applied. We also must consider the fact that the 
cold junction must be kept very nearly at the 
average room temperature; i.e., it must not 
follow the alternating part of the ambient 
temperature. 

This latter requirement may most easily be 
fulfilled by making the cold junction thick 
compared with the hot junction. The require- 
ment that the sound field be disturbed a negli- 
gible amount would, for all ordinary purposes, 
be sufficiently fulfilled provided the thermocouple 
were made in the form of a strip whose thickness 
is one-tenth or less than the wave-length of the 
sound to be measured, and so oriented that the 
plane of the strip is perpendicular to the plane 
of propagation of the wave. Then we would 


| 
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expect that the field would be only slightly 
disturbed at the boundary of the strip. 

The assumptions made in obtaining a solution 
of the Fourier equation place more serious 
restrictions upon the construction of the thermo- 
couple. In the case of a sound wave, ® is obvi- 
ously a function of the space coordinates. If we 
consider for simplicity an infinite plane wave, 
# will be a constant for the coordinates x and z 
if the y-direction is taken normal to the plane 
of propagation. However, ® will be a sinusoidal 
function of the y coordinate. Therefore, the 
temperature at the center of the sheet will be a 
function of y as well as time. 

The temperature of any element in the sheet 
will then be affected by conduction along the 
sheet caused by the variation of along the y axis. 
We shall assume that to a first approximation 
¢: is unaffected by such conduction in the case of 
a thin sheet, provided the width of the sheet is 
kept one-tenth or less than the wave-length of 
the sound measured. 

A bismuth strip 110-> cm thick will have 
an attenuation factor of 0.16 at 20,000 cycles 
per second. Therefore, the couple had to be 
made this order of thickness if it was to respond 
to such a high frequency. 


CONSTRUCTION OF EXPERIMENTAL 
THERMOCOUPLES 


The only practical means of obtaining films 
of metal as thin as 10-> cm appeared to be by 
means of cathode sputtering or by evaporation 
upon some kind of backing material. Early 
experiments indicated that such films could best 
be obtained by cathode sputtering.’ 

It was found that thermocouples which were 
self-supporting could not be made sufficiently 
thin. In order to obtain mechanical strength, 
cellulose acetate was chosen as the backing 
material because of the ease with which strong 
thin films of this material could be made.‘ 

The final type of construction of the thermo- 
couple is shown in Fig. 1. The cellulose acetate 
film is spread over a mica frame 0.1 millimeter 
thick, 3 cm long, and 1 cm wide, which has a 
circular hole 5 millimeters in diameter in the 


* Harris and Johnson, R. S. I. 5, 153 (1934). 
® Harris and Johnson, R. S, I. 4, 454 (1933). 
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Fic. 1. Construction of the thermocouple. 


center of the frame. These films were made on 
water and could easily be picked up without 
injury when as thick as 10~* cm. 

The mica frame was covered by appropriate 
templets during sputtering.’ The two metals 
forming the junction were overlapped from 12 
to 0.5 of a millimeter. The width of the metal 
strip of the thermocouple was one millimeter. 
The hot junction was located at the center of 
the 5 millimeter hole. Heavy gold contacts were 
sputtered at the ends of the frame over the 
bismuth and antimony strips composing the 
hot-junction metals. The cold junction was, 
therefore, formed at the junction of the gold and 
bismuth or antimony, and was located on the 
mica frame. 

These dimensions now allow us to calculate 
the wave-length for which this couple can be 
used, and the temperature of the hot junction. 
The thickness of the bismuth was 1.210- cm 
and of the antimony 0.6X10~ cm, but the 
cellulose film was also approximately of this 
thickness and has to be taken into account in 
calculating the attenuation factor. An equivalent 
thickness of 3.5X10-> cm was used in the 
calculations. The average resistance of the 
couples of this thickness was about 1500 ohms. 

Since the mica sheet is 0.1 millimeter thick, 
under the conditions we have discussed the 
accuracy of measurement in air ought not to be 
affected by thickness up to a frequency of 300 
kilocycles per second. We need consider only the 
width of the metal strip in determining the effect 
of width on frequency, since the cellulose acetate 
has very low heat conductivity. With a width of 
one millimeter the frequency range obtained 
without applying a correction factor will be 
limited to 30 kilocycles per second. 

The best method of testing the validity of (6) 
appeared to be to compare the calculated value 
of microvolts per degree generated in the 
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thermocouple to the value measured when the 
couple was immersed in a sound field of known 
excess pressure. The following section describes 
the experimental arrangement used in this 
comparison. 


DESCRIPTION OF APPARATUS 


The thermocouple was used in the following 
arrangement: An iron tube terminated by a 
555-W Western Electric loud-speaking unit as a 
sound source at one end, and by a brass head, 
containing the thermocouple, at the other end. 
The brass head was so machined that the 
acoustic termination of the tube was exactly the 


'“same as when terminated by the calibrated 


condenser microphone. The iron tube was 4.4 
cm in diameter and 120 cm long and was set in 
concrete in order to prevent mechanical vibration 
of the pipe itself. 

The brass head also contained the first stage 
of the amplifier used to measure the alternating 
voltage generated in the thermocouple. Its con- 
struction is shown in Fig. 2. The thermocouple 
was placed so that the frame of the couple was 
perpendicular to the plane of the tube. In 
addition to satisfying the theoretical conditions 
of operation, this prevented any diaphragm 
motion of the cellulose film. The actual junction 
was 0.2 mm from the end of the tube, half of 
the mica frame being in a narrow slot cut in the 
brass. The electrical connections to the thermo- 
couple were made by soldering the leads from 
the amplifier to the gold contacts by means of a 
thin coating of Wood’s metal. This arrangement 
also acted as a mechanical support for the 
couple. The leads from the thermocouple to the 
first stage consisted of two } inch brass rods 
brought through the end of the brass head in 
holes 3 inch in diameter. The insulation between 
the rods and the head was paraffin. 

The first stage of the amplifier, which was 
contained in the head, consisted of a resistance- 
coupled 238 pentode operated at reduced shield 
grid and anode voltages. This stage and its 
calibrating circuit are shown in Fig. 3. It was 
followed by a tuned amplifier unit. The noise 
level of the first stage was of the order of 10-® 
volt. This allowed the accurate measurement of 
voltages as low as 10-® volt and made possible 
the use of low sound intensities, 


LEADS 


RIC 


THERMOCOUPLE 


Fic. 2. Construction of the brass head containing the first 
stage of the amplifier. 
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Fic. 3. First stage of the amplifier and its calibrating circuit, 


EXPERIMENTAL PROCEDURE AND RESULTS 


The experimental procedure consisted in deter- 
mining the excess pressure at the end of the 
tube as shown by a condenser microphone, and 
in determining the voltage generated in the 
thermocouple for this same pressure. 

In making a measurement, the tube was 
terminated by the head containing the thermo- 
couple and an alternating current of known 
magnitude and frequency passed through the 
loud-speaking unit. The deflection of the output 
meter of the amplifier was then adjusted to a 
maximum by tuning the amplifier. With zero 
current through the loud-speaking unit the 
calibrating voltage was adjusted to give the 
same deflection and the amplifier returned to be 
certain there had been no change in tuning. 

The thermocouple head was then replaced by 
the calibrated condenser microphone, and the 
procedure was repeated with the same current 
through the loud-speaking unit. Since the acous- 
tic termination was identical in the two measure- 
ments, the pressure at the end of the tube was 
the same in both cases. 

With the known sensitivity of the condenser 
microphone this measurement determined the 
sound pressure at the end of the tube. Under 
standard conditions the relation between the 
excess pressure and excess temperature for low 
intensities is given by: 


P= 83P X10-*, 
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Fic. 4. Typical calibration curve and theoretical curve from 
Table I. 


Therefore, the temperature ® could be calcu- 
lated from the value of excess pressure deter- 
mined by the microphone. Since the voltage 
generated in the thermocouple was determined 
for this temperature ®, the experimental thermo- 
electric yield in microvolts per degree of the 
thermocouple could be immediately compared to 
the calculated value. 

The results of a typical calibration, are shown 
in Fig. 4, together with the theoretical curve 
found from Table I. A thermoelectric power of 
60 microvolts was used in the calculation. The 
measurements were all taken at approximately 
100 bars sound pressure. 

As would be expected, the thermocouple 
voltage is linear with sound pressure over the 
range of pressures used. 


DISCUSSION 


Due to the fact that no suitable standard 
measuring instrument was available, measure- 
ments with the thermocouples could not be 
verified beyond 5000 cycles per second. However, 
the agreement between the experimental data 
and theory is good enough so that the author 
believes an extrapolation from the calibration at 
low frequencies ought to be sufficiently trust- 
worthy to allow a couple of this type to be used 


for absolute measurements of high frequency 
sound fields. By making the width of the metal 
strip 0.1 mm, the couple would be suitable for 
use up to 300 kilocycles. The principal limitation 
would be the sensitivity of the amplifying system. 
It is believed that 10-* volt can be measured 
accurately up to 1000 kilocycles per second with 
a suitably designed amplifier. Therefore, this 
couple makes possible the absolute measurement 
of high frequency sound waves up to 300 kilo- 
cycles, having an intensity of 100 bars or over 
using the calculations tabulated in Table I. It 
seems possible’ to construct couples with an 
equivalent thickness of 1X Such a couple 
would have a frequency limit of 300 kilocycles 
per second, and a sensitivity limit of 20 bars. 

All of the couples experimented with have been 
single-junction couples. Multi-junction couples 
have been sputtered’ and could be used in sound 
measurements. Thus a hundred-junction couple 
of the same frame dimensions as the couples 
described here would have one hundred times 
the sensitivity. If such a multi-junction couple 
were used, it would be necessary to orient the 
frame so that the voltage at each junction would 
be in phase with the voltage at every other 
junction. A still further increase in sensitivity is 
possible by the use of bismuth tellurium junction, 
although the prohibitive resistivity of tellurium 
limits the thickness that can be attained. It is 
also possible to sputter a junction on a thin 
quartz fiber, but the resistance again is much 
larger than for a strip. Such a couple would 
have the advantage of requiring no orientation 
in direction. , 

The author extends his thanks to Professor 
L. Harris of the Research Laboratory of Physical 
Chemistry in collaboration with whom the 
problem of sputtering thin thermocouples was 
surmounted. His thanks are also due to Professor 
E. L. Bowles and Professor J. A. Stratton for 
their encouragement throughout the progress of 
the research, and to C. Neitzert for aid in 
making many tedious measurements. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 


twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions 
expressed by the correspondents. 


Multiple Laue-Spots from Aluminum Crystals 


In an investigation upon thick (6 mm) deformed 
aluminum crystals we have found that the distribution of 
the intensity along the Laue-spots depends strongly upon 
the degree of plastic deformation. The spots from a thick 


Fic. 1. The deformed Al-crystal. 


undeformed crystal are radially elongated and uniformly 
black. (Fig. 1.) Each portion of the spot is formed by rays 
reflected from a corresponding region of the crystal along 
the x-ray beam. The spots from the same crystal which 
has been plastically deformed to the extent of only } 


lic, 2. The undeformed Al-crystal. 


percent are no longer uniformly black on photographic 
film. (Fig. 2.) The blackening increases on the ends of all 
the spots and on the inner edges of several of the spots. 
All of the spots become double or triple and similar to the 
multiple spots which have been described in previous 
investigations.! This result indicates that the exterior 
layers and several layers situated below the surface scatter 
more energy and, therefore, are more imperfect than other 
layers. This condition varies with the degree of plastic 
deformation and, therefore, with the non-uniform distribu- 
tion of residual stresses along the path of the x-ray beam. 
The dependency of the doubling of the spots on the distance 
from the crystal to the photographic plate evidently 
depends on focussing properties of the differently oriented 
crystal blocks as they are situated along the path of the 
very nearly parallel beam. Thus it would appear that the 
multiple Laue-spots which have been described in previous 
investigations may be due to the reversible or irreversible 
changes in the perfection of the crystals and also to the 
focussing in the case of deformed crystals. 
A. KoMAR 
W. OBUKHOFF 
Phys.-Techn. Inst. of the Ural, 
Leningrad, 
March 9, 1934. 


1 Y. Sakisaka and I. Sumoto, Proc. Phys.-Math. Soc. of 
Japan III, 15, 211 (1931); C. S. Barret, Phys. Rev. 38, 
832 (1931); J. M. Cork, Phys. Rev. 42, 749 (1932); C. C. 
Murdock, Phys. Rev. 45, 117 (1934). 


On the Possibility of a Secondary Structure in Calcite 


. From the results of experiments performed by Professor 
M. Y. Colby and the writer of this letter, it has been found 
that the change per unit dimension of the spacing between 
the (1 1 0) set of planes of quartz is far from a one-to-one 
correspondence with the change per unit dimension of the 
crystal as a whole in this direction when the crystal is 
oscillating under the transverse piezoelectric effect. As a 
matter of fact, no evidence of any change in the grating 
constant was observed, and the spectrograph was capable 
of indicating a change as small as 1.45 X10. The change 
in the outside dimension of the crystal was of the order of 
6X10-* per unit dimension. This fact can be explained 


by the secondary structure theory of F. Zwicky, if it is 
assumed that the homogeneous strain produced in the 
crystal takes place in the so-called planes of Zwicky, 
the spacing of the p planes remaining unaltered to a degree 
smaller than could be detected by the spectrograph. Thus, 
the increased intensity of Laue spots made from quartz 
plates oscillating piezoelectrically can be explained by a 
reduction of secondary extinction as first suggested by 
Langer.'! This theory can also account for the increased 
intensity of a Bragg line reflected from the face of a long 


'R. M. Langer, Phys. Rev. 38, 573 (1931). 
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quartz crystal when oscillating under the transverse piezo- 
electric effect which was found by Professor Colby and the 
writer.2 The increase in width of the line reflected from the 
crystal when oscillating, which was reported in the above- 
mentioned article, has been found to be due to instrumental 
causes. A detailed account of the recent experiments will 
be mailed to the Physical Review at an early date. 

The fact that this evidence of a secondary structure in 
quartz has been obtained, and that quartz is a very nearly 
perfect crystal as far as the reflection of x-rays is con- 
cerned, has led the writer to think that possibly a secondary 
structure might well exist in calcite, despite the evidence 
obtained by Tu,’ which shows that the shape and intensity 
of lines reflected from calcite correspond to those expected 
by reflection from a perfect lattice. The statement that 
quartz is a very nearly perfect crystal as far as the reflection 
of x-rays is concerned, is based on the experimental fact 
that the intensity of a line reflected from a polished face of 
quartz can be greatly reduced by etching the face with 
some appropriate acid as has been shown by Professor 
Colby and the writer.‘ 

Before a definite statement with regard to the existence 
or non-existence of a secondary structure in calcite can be 
made, it seems that it should be shown that the grating 
constant between some set of planes in calcite either does, 
or does not change in a one-to-one ratio with the change 
in the outside dimension of the crystal in this direction, 
when the crystal is subjected to a homogeneous strain. 
Until such an experiment is performed it seems reasonable 
to picture calcite as composed of Zwicky’s secondary 
structure blocks lined up to such a degree of perfection 
that the lattice will act like one continuation of a perfect 
lattice, the 7 planes threading through the crystal in some 
regular manner. It is possible that the existence of these 
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x planes might effect the size and shape of x-ray lines 
reflected from this type of crystal, but Professor Colby 
and the writer have evidence that changing the spacing 
between these blocks of Zwicky by many times their 
original spacing does not effect the reflected line. Hence, 
in Tu’s experiments it may be that the effect of the r 
planes threading through the crystal in a very nearly 
perfect pattern did not produce a sufficient effect on the 
shape and size of the reflected line to be detected. There- 
fore, it is the writer's reaction that Tu’s experiment does 
not conclusively disprove the existence of a secondary 
structure in calcite. 

Now, these z planes may have a slightly higher popula- 
tion of atoms than the p planes as has been proposed by 
Zwicky,* and thus cause the value of the grating constant 
determined for calcite from Avagadro’s number and the 
density to be somewhat less than the actual spacing of the 
atomic planes within the perfect blocks. If this notion is 
correct, it would explain the low value of x-ray wave- 
lengths obtained by reflection from calcite, as compared 
with those from ruled grating experiments. ‘ 

Of course the foregoing statements are presented as 
merely an interesting possibility, and require additional 
experimental evidence to substantiate them. 

Harris 

Physics Department, 

University of Texas, 
March 15, 1934. 


( 3) Y. Colby and Sidon Harris, Phys. Rev. 42, 733 
1 
*Tu, Phys. Rev. 40, 662 (1932). 
( 933) Y. Colby and Sidon Harris, Phys. Rev. 43, 562 
1 
®F, Zwicky, Proc. Nat. Acad. Sci. 16, 211 (1930). 


Segregation of Polonium in Bismuth Crystal 


Using a Geiger counter, Focke' has detected groups of 
ranges in alpha-particles emerging from a cleavage face of 
a Po infected Bi crystal. It was thought worth while to 
obtain evidence of these groups by direct measurements of 
tracks formed in a Wilson expansion chamber. Accordingly, 
one of Focke’s crystals was mounted outside an expansion 
chamber? and photographs of the tracks were taken with 
a Leica camera, the particles entering through a mica 
covered slit of dimensions 0.5X3 mm. The camera was 
mounted vertically about a foot and a half above the 
chamber, and corrections due to non-parallelism of film 
and track were reduced by confining the alpha-rays by a 
collimating slit to angles within about 7.5° of the hori- 
zontal. The chamber was filled with hydrogen, and ex- 
pansion ratios of the order of 1.34-1.38 were used. A 
shutter mounted on top of the piston allowed the particles 
to pass into the chamber only at the moment of complete 
expansion, so that the stopping power of the gas must 
have been the same for all. 

About 500 photographs were taken, averaging three 
tracks each. Images (1.24 Xnatural size) formed by a 
Leica projector on drawing paper were adjusted so that 


origin and other fiducial marks coincided and the end of 
each track was then marked by a dot. About one-third 
of the tracks were rejected due to collisions near the end 
of the path, uncertain end points, etc. The ends of 1150 
tracks were thus marked on three sheets of paper, 527 on 
one and the rest on two others. On each chart the dots 
nearest the origin showed a tendency to grouping. Circles 
at 4 mm intervals in radius were then drawn, with the 
midpoint of the slit as center, and counts were made of 
the number of dots in each interval. These numbers were 
then plotted against the serial number of the interval from 
the slit. The sequence of numbers confirmed the visual 
impression that groups were present in two cases, and after 
reducing the distances between the range groups to 
standard temperature and pressure in air, it was found 
that the value, about 0.54, checked that obtained by 
Focke for the mean group separation very satisfactorily. 
No consistent evidence of grouping was observed farther 
from the source than about 3 or 4 groups, dye probably 


1 Focke, Phys. Rev. 45, 219-220 (1934). 
? Kurie, Rev. Sci. Inst. 3, 655 (1932). 
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Fic. 1. 


to the fact that the effect is masked by the straggling in 
hydrogen, which is greater than that in Bi. 

With a smaller radial interval, 2 mm, the counts from 
the three charts were combined, and the results of plotting 
all the points for the first twenty intervals are shown in 
Fig. 1. Three groups are apparent, and the line drawn 
accordingly has three maxima. 

Due to the fact that the separation of the groups is of 
the same order of magnitude as the straggling, it is neces- 
sary to have a great number of tracks, and for this reason 
the cloud-track method is inferior to that of the Geiger 
counter, for the strength of source used. It is realized 
that too much weight cannot be given to computations 
from so few tracks, but it is at least encouraging to observe 


Fic. 2. 


that the separations of all groups observed had about the 
expected values. 

Fig. 2 shows a single photograph in which 8 tracks 
appear. Of these, 6 fall into three separate groups (2nd, 
3rd, and 5th) with two particles in each. The arrow 
points to the rather obscure track in the 5th group. 
Another picture (not shown) has two groups of two each. 
There is small probability that two pictures of this simple 
sort would occur by accident in only 500, 

I am indebted to Dr. Alfred Focke and to Professor 
Alois F. Kovarik for valuable advice, and to Dr. A. 
Pharo Gagge for the loan of the Leica camera. 

WitiiamM W. Eaton 

Sloane Physics Laboratory, 

Yale University, 
April 3, 1934. 


The Moments of Inertia and the Shape of the Ethylene Molecule 


From recent data on the Raman rotation spectrum! and 
on bands in the photographic infrared* together with the 
older data on the infrared bands* it is now possible to 
calculate reliable values for the moments of inertia of the 
ethylene molecule. The bands so far investigated are in 
agreement with a plane symmetrical structure and the 
moments of inertia are found to be 33.2 X 10~*, 27.5 K 107, 
and 5.70X10~* g cm?, respectively, in the ground state. 
It is interesting that the smallest moment of inertia is 
slightly smaller than twice that of the formaldehyde 
molecule. This is exactly what is expected since in for- 
maldehyde the hydrogen atoms are probably attracted 
somewhat by the oxygen atom, while in ethylene the 
repulsion of the hydrogens on opposite ends of the molecule 
to some extent counteracts the repulsion between the pairs 
attached to the same carbon atom. 

There seems no reason for assuming the tetrahedral 
angle between the C—H bonds in ethylene and to do so 
would require the C —H distance to be larger and the C—C 
distance smaller than appears reasonable. Values for the 


C—C and C—H distances and for the angle between the 
C—H bonds which are consistent with the moments of 
inertia and appear rather reasonable to the writer are: 
1.37A, 1.04A and 126°, respectively. 

It is expected that data will be given shortly on new 
ethylene bands observed in the photographic infrared 
together with an account of the vibrational and rotational 
structure of the spectrum. 

RicHARD M. BADGER 

Gates Chemical Laboratory, 

California Institute of Technology, 
Pasadena, California, 
April 6, 1934. 


( 933) M. Lewis and W. V. Houston, Phys. Rev. 44, 903 
1933), 

2 Investigated in this laboratory by Mr. L. G. Bonner. 

3A. Levin and C, F. Meyer, J. O. S. A. and R. S. I. 16, 
137 (1928). 

4G. H. Dieke and G. B. Kistiakowsky, Phys. Rev. 45, 
4 (1934). 
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A Method Designed for Observing the Solar Corona without an Eclipse! 


The problem of viewing the solar corona at times other 
than those of eclipses has not as yet found adequate 
solution. The reason is that the brightness of the glare 
around the solar disk due to atmospheric and telescopic 
scattering is generally many times the brightness of the 
corona. Excellent progress in reducing such glare has been 
made recently by Lyot.? His results, however, serve to 
emphasize the need of a method which will give greater 
discrimination. 

The mechanism of present television technique appears 
to offer a solution to this problem. The proposed method 
is as follows. The image of the sky around the sun’s disk 
is to be scanned by a small hole behind which a photo- 
electric cell is placed. The resulting photoelectric current 
will be made up of high frequency components due to the 
details of the coronal image and a relatively large direct- 
current component plus some low frequency components 
due to the glare. These various components will then be 


separated by appropriate electrical filters and only those 
due to the corona will be amplified and used for the 
reproduced image. The brighter stars will shine out and it 
should thus be possible to reproduce the major features of 
a solar eclipse at any time when the sky is clear. Tests of 
the method are in progress which simulate actual condi- 
tions, the preliminary results of which have been very 
promising. 

The use of such technique for image discrimination, 
particularly to increase contrast, is not, of course, neces- 
sarily limited to the specific application mentioned above. 

A. M. SKELLETT 

Bell Telephone Laboratorics, Inc., 

Deal, N. J. 
April 2, 1934. 
*A more detailed exposition will be published at an 
early date. 
2 Lyot, Comptes Rendus 195, 21 (1932), 


The Interaction Between Neutrons and the Mass of the Neutron 


The known masses! H,!'=1.00778, 2=3.0151, 
=3.0165 and the equivalence of mass and energy imply 
the relations 


2ny' + E(H;') =2.0073, (1) 
ny' + = 1.0009, (2) 

and, subtracting (2) from (1), 
ny' = 1.0064 — | E(H;') — E(He:') }. (3) 


E (N) is written for the binding energy of the nucleus N. 
Letting E, and E, represent, respectively, the energy aris- 
ing from neutron-neutron interaction in H,’, and from pro- 
ton-proton interaction in He.’ Eq. (3) takes the form 


= 1.0064—{E,—E,}. (4) 


It can be shown by calculations similar to those of Wigner? 
that E, (the coulomb energy) lies between mc? and 2mce*. 
Setting E,=1.5mc? we obtain the equation 


ny' +E, =1.0072. (5) 


With a neutron of mass 1.0067,* E, has the order of 
magnitude mc? which implies that the forces between 
neutrons are repulsive and very small. Thus Chadwick's 
value for the mass of the neutron is consistent with the 
assumption? that nuclear binding results principally from 
very large attractive forces between neutrons and protons. 
It is then entirely reasonable in a theoretical calculation of 
the binding energies of the light nuclei to neglect neutron- 
neutron interaction completely and to treat the coulomb 
interaction of the protons as a small perturbation which 


may, however, very well be no more important than the 
neglected interaction between neutrons. 

But for a neutron of mass 1.012, E, is fairly large, about 
—9mc, implying attractive forces between neutrons of 
considerable magnitude. In fact, for this case, over one- 
fourth of the binding energy of H,’ comes from the inter- 
action between the neutrons and the remainder from the 
interaction of the protor with the neutrons. It seems, if 
the mass of the neutron is as large as 1.012, that the 
interaction between two neutrons is quite as important as 
the interaction of a proton with a neutron, an interpretation 
clearly inconsistent with the existence of a long series of 
nuclear species containing equal numbers of neutrons and 
protons. Of the two masses only the smaller is compatible 
with the known masses of the hydrogen and helium 
isotopes and a simple theoretical interpretation. 

The foregoing remarks appear to involve the assumption 
that there exists only one kind of neutron. If, however, 
the heavy neutron (mass 1.012) occurs as a rare nuclear 
constituent, it is presumably not present in H,’ and He, 
and hence escapes the argument connecting heavy neutrons 
with large attractions between neutrons. 

FEENBERG 

Research Laboratory of Physics, 

Harvard University, 
April 8, 1934. 


1 Oliphant, Harteck and Rutherford, Nature 133, 413 
1934). 

2? Wigner, Phys. Rev. 43, 252 (1933). 

8 Chadwick, Proc. Roy. Soc. A142, 1 (1933). 

4 Heisenberg, Zeits. f. Physik 77, 1 (1932); 78, 156 
(1932); 80, 587 (1933); Majorana, Zeits. f. Physik 82, 137 
(1933); reference 2. 

® Curie and Joliot, J. de Phys. et le Rad. 4, 500 (1933). 
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Detection of Nuclear Disintegration Products 


Since it appears that the field of research embracing 
nuclear disintegrations and other results of bombardment 
by fast heavy particles will be a wide one, the authors 
have been developing a method for high voltage bombard- 
ment suitable for use even in laboratories where space and 
funds are limited. The method was reported! briefly before 
the American Physical Society eighteen months ago and 
consists in constructing a belt type electrostatic generator 
in an enclosure maintained at a high air pressure to increase 
the breakdown strength of the medium and so permit 
maintenance of high voltages on an apparatus of small 
dimensions. A complete description will be published in 
the near future. One problem met has led to a solution of 
interest to others engaged in nuclear research and is here 
reported. 

In a small apparatus, the high potential element is 
necessarily small and cannot contain within itself much 
auxiliary equipment. Yet in any practical experiment it 
must contain either a generating source for bombarding 
particles or a device capable of detecting results of nuclear 
bombardment. With sources known at present, the decision 
is forced. A source drawing bombarding particles from a 
gas discharge requires batteries, rheostats, etc., of some 
bulk. Also gas leaking from such a source into the main 
accelerating tube through the canal provided for the 
projectile particles is most efficiently removed by fast 
pumps connected to the tube at a point near the source. 
Such a fast pumping system cannot be built in restricted 
space. At first sight, it appears equally hopeless to construct 
a sensitive detecting device in a small volume. Those 
heretofore used mainly are ionization chambers operated 
with electrometers or amplifiers, counting chambers or 
expansion cloud chambers, all of which employ extensive 
operating circuits or machinery. 

Another method, relatively unexplored as yet, appeared 
well adapted for our purpose, namely, the technique of 
observing the tracks of alpha- or other disintegration- 
particles which have passed into photographic emulsions.? 
A permanent record is made through development of 
individual grains along the tracks of the particles, the 
traces appearing through a microscope not unlike a nega- 
tive photograph of a cloud-chamber track. A piece of 
target material, suitable screens and a small photographic 
plate require very little space indeed. 


Protons-~J 


Li Aluminum foib 


\ \ Emulsyon 


lic, 1, Arrangement of target, screens and plate. 


Fic. 2. Micro-photograph of track in emulsion, 


We have tested the application of the technique by 
bombarding lithium metal with 150 kv protons. While 
our work was in progress we were further encouraged by 
M. Blau’s’ success in recording the groups of disintegration 
protons ejected from aluminum when bombarded by 
polonium alpha-particles. It is a further step to use the 
method with artificially accelerated particles because 
incidental x-rays from the accelerating tube tend to fog 
the plate. After considerable trouble from this effect we 
have succeeded in detecting alpha-particles from arti- 
ficially disintegrated lithium and are convinced that the 
compactness and simplicity of a photographic plate, added 
to the facts that it should be 100 percent sensitive, has no 
inoperable periods and automatically produces a perma- 
nent record, make this technique a very promising one. 

We have used the arrangement of Fig. 1 employing 
Eastman Lantern Slide Plates, Slow, and developing with 
Eastman Kodac formula D-11. X-rays coming with the 
protons through the hole in the lead screen pass in part 
through the lithium and the aluminum foil provided to 
stop the protons and produce a blackening where they 
fall on the photographic plate. Soft x-rays generated by 
the impact of the protons on the lithium target do not 
penetrate the aluminum foil in sufficient strength to 
blacken the outer portions of the plate appreciably. 
Alpha-particles from the surface of the lithium pass as 
shown into the region shadowed by the lead and enter the 
emulsion at an angle, as indicated by an enlarged portion 
of the figure. After the plate is developed, the tracks 
confirm their own identity by the angle of penetration and 
by their general direction away from the x-ray spot on 
the plate. Fig. 2 shows such a track. It is a micro-photo- 
graph of a small portion of the plate. The track is in the 
center, nearly vertical in the photograph and consists of 
ten or eleven grains. Reading up, the first two or three 
grains are out of focus because they are too high in the 
emulsion for the microscope adjustment. The last grains 
are evidently more and more out of focus because they are 
successively deeper in the emulsion. The linearity of the 


1 Phys. Rev. 42, 901A (1932). 
20. Miigge, Zentralbl. f. Mineralogie 71, 147 (1909). 
3M. Blau, J. de Phys. et le Rad. (VII) 5, 49 (1934). 


tes 
| 
{ 
| 
| 
} 
| 
| 
| 
4 
| 
| 
\ \ \ 


LETTERS TO 


track can be observed and the angle of penetration meas- 
ured by visually focussing the microscope on one grain 
after another. 

We are at present improving our technique and testing 
the method by application to other problems of current 
interest. The work has been made possible through the 
generosity of the Department of Physics at Princeton 
University which provided all the equipment and supplies 
required. We are also greatly indebted to Professor R. 
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Ladenburg and others of the staff for their advice and 

suggestions as well as to Professor T. R. Wilkins and 

Mr. W. T. Rayton of the University of Rochester who 

gave us valuable information about the emulsion technique. 
Henry A. BARTON 
DonaLp W. MUELLER 

Palmer Physical Laboratory, 
Princeton University, 
April 13, 1934. 


The Emission of Disintegration-Particles from Targets Bombarded by Protons and by Deuterium Ions at 1200 Kilovolts 


In view of the hypothesis of the instability of the deuton 
with a resulting neutron-mass of nearly unity advanced! 
and supported®: 7: by Professor Lawrence and his col- 
leagues at Berkeley, it appeared essential to us on beginning 
our own program of disintegration-observations in the 
region above 1000 kilovolts to check first their published 
results. Avoiding the introduction of lithium or boron into 
our new tube,? we selected the following as representative 
of the targets which they used: Be, C, SiO», CaF2, Al and 
Ag (Pt was displaced by an Ag-target previously tested 
for contamination?). Observations have been made at 
1200 kilovolts since last November on these six targets 
by using magnetically resolved mass-1 and mass-2 beams 
giving proton-currents of 1 to 2 microamperes and deuton- 
currents of 0.2 to 0.5 microampere. Voltage-measurements 
were made by range-measurements on the proton- and 
deutron-beams, checked at first by magnetic deflection- 
measurements. (A generating voltmeter was found to 
indicate too high a voltage by more than 50 percent, 
probably because of corona and space-charge, and was 
discarded as unreliable for use with the corona-limited 
electrostatic generator.) The ionization-chamber of the 
linear amplifier used in these experiments subtended a 
solid angle 1/200 to 1/700 of 4x, and the residual count 
(with the tube operating) was usually 1 to 3 counts per 
minute. Within the limits by which our targets overlap 
the published Berkeley data, we have obtained the 
following results. 

(A) With 2 microamperes of protons on these targets 
no alpha-particle emission in significant numbers of range 
exceeding that of the primary protons was observed*: *: ® 
except from CaF2, which emits only one group* of range 
60 mm, with no trace of any longer range alpha-particles. 
An unsuccessful search down to 2.2 cm was made for the 
3.3-cm group reported for Be,‘ reducing the voltage in 
successive observations to eliminate possible spurious 
counts due to unresolved multiples of scattered primary 
protons giving deflections the same size as alpha-particles. 
With deutons, a strong alpha-particle group was found 
from CaF; ending near 71 mm.* Bombarding Be no 
evidence of the 3.3-cm group*: * was found, although with 
deutons on Be the presence of neutron-recoils and disinte- 
gration-protons gives a rather high residual count. No 
other definite alpha-particle emission from these targets 
was observed by using deutons. Multiple-proton counts 
are indistinguishable from alpha-particles with an amplifier 
having fixed constants, and at short ranges spurious counts 


of this type were present with most of these targets under 
deuton-bombardment, thus preventing the identification 
of small numbers of alpha-particles if such were present. 
(B) We have been unable to confirm the Berkeley 
reports®: *- 7 of an 18-cm group of protons from all targets, 
with similar reported yields® for targets as different in 
atomic number as “‘brass-wax”’ and platinum, using 1200- 
kilovolt deutons. A proton-group was found which showed 
the typical characteristics of a contamination-effect and 
which probably corresponds to their 18-cm group. Instead 
of the homogeneous group indicated by their hypothesis 
(but not by their observations’), this group showed an 
apparently continuous range-distribution, tapering out 
and disappearing between 15 and 17 cm, the end-point (as 
few as 1/10,000 of the maximum number of counts) being 
a function of the intensity of the group, whether changed 
by altering the current to one target or by shifting between 
targets. The quantitative yields from our targets differed 
by large factors from their yields, and varied greatly from 
target to target. The group was not observable from the 
Be-target (which did emit a group of longer range). The 
yield from the Ag-target was at most a small fraction of 
1 percent of that from C, and the yield-ratios between 
various targets fluctuated from time to time, indicating at 
least some degree of transient contamination. Several 
other proton-groups were evidently characteristic of par- 
ticular targets, but these have not been confirmed as yet 
by the necessary tests on several duplicate targets. The 
degree of caution necessary for such conclusions was 
sufficiently illustrated by our work with protons reported 
a year ago.” As described below, we have recently demon- 


1E. O. Lawrence, M. S. Livingston and N. 
Phys. Rev. 44, 56 (1933). 

2M. A. Tuve, L. R. Hafstad and O. Dahl, Phys. Rev. 
43, 942 (1933). 

3 E. O. Lawrence and M. S. Livingston, Phys. Rev. 44, 
316-317 (1933). 

4 M.S. Livingston, M. C, Henderson and E. O. Lawrence, 
Phys. Rev, 44, 316 (1933). 

5G. N. Lewis, M. S. Livingston and E. O. Lawrence, 
Phys. Rev. 44, 55-56 (1933); 44, 317 (1933). 

M.S. Livingston, M. C. Henderson and E. O. Lawrence, 
Phys. Rev. 44, 781-782 (1933). 

7G. N. Lewis, M. S. Livingston, M. C. Henderson and 
—_— Phys. Rev. 45, 242-244 (1934); 45, 497 
1934 

*E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 
220 (1934). 
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strated that deuterium is the contamination responsible 
for the proton-group ending between 15 and 17 cm. 

(C) With the use of deuton-currents exceeding 0.5 
microampere, a search for the neutrons reported: 7: * to 
accompany the 18-cm proton-group showed no observable 
neutron-emission except from Be and a probable trace 
from CaF». Carbon gave an increased residual count which 
was immediately recognized as a typical beta-ray ‘“‘noise”’ 
in the linear amplifier, and was shown by Wilson cloud- 
chamber tests to be due to a strong gamma-ray emission® 
from this target. The residual counts then set as our limits 
of detection approximately one neutron-recoil from paraffin 
per 100,000 observed disintegration-protons from C and 
SiO, (through the ionization-chamber), or about 1/30 of 
the number to be expected on the basis of the Berkeley 
reports, by using our own proton-yields. This failure to 
observe neutrons cannot be ascribed to a weak deuton- 
beam or to imperfect detection, since our measured yield 
of neutrons from Be per microampere of deutons was 
approximately ten times that reported by the Berkeley 
investigators. It is possible that beta-ray ‘“‘noise’’ would be 
more troublesome and misleading with their apparatus 
because of the strong magnetic field impressed on the 
ionization-chamber of their linear amplifier, curling the 
paths of secondary electrons perhaps sufficiently to give 
rise to more frequent spurious impulses large enough to be 
mistaken for neutron-recoils. If neutrons are emitted in 
some preferred direction other than 90°, the absence of 
any heavy materials near our targets may prevent their 
being scattered into our ionization-chamber; in the 
Berkeley experiments ample scattering could take place. 

(D) No evidence has yet been found for any “‘voltage- 
threshold” effects.': 4. The alpha- and neutron-emissions 
we have failed to find cannot be explained by an errone- 
ously low voltage, as we have continuously checked the 
latter by the (primary) proton- and deuton-ranges. The 
alpha- and proton-emissions we have observed showed no 
indication of thresholds. In fact, carbon bombarded with 
600-kilovolt deutons (mass-4 spot at 1200 kilovolts; by 
previous tests pure He gave no effect using the mass-4 
spot) gave more than 1/10 the number of protons in the 
15-cm to 17-cm group which were observed using 1200- 
kilovolt deutons, the range-distribution curve was similar, 
and the range-limit was reduced from 17 to roughly 13.5 
cm. With 800-kilovolt deutons (mass-3 spot) the range- 
limit was approximately 15 cm. 

There is thus no evidence in these observations to 
support the Berkeley suggestion of a neutron-mass lower 
than that given by Chadwick. 

Having established that the 15-cm to 17-cm proton- 
group was strictly identifiable with the group of shorter 
range but similar range-distribution which is observed at 
lower voltages, we turned to the identification of the 
contamination responsible for this effect by bombarding 
gases with lower-voltage deutons projected from the high- 
voltage tube through a Cu-foil window of 1-cm stopping 
power into a gas chamber (a mica window does not 
withstand the bombardment more than a few seconds). 
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Since January we had been suspicious that the erratic 
behavior of our targets was at least in part due to some 
contamination arising from the bombardment itself, al- 
though the high yields obtained from the beginning with 
C and SiO: were disturbing. The Cu-foil window was 
arranged at an angle and the walls offset to prevent any 
disintegration-protons from the window or walls reaching 
the ionization-chamber through the side-window on the 
gas chamber, which could be filled with a gas at reduced 
pressure to give the deutons a range extending well beyond 
the column of gas “‘visible’” to the ionization-chamber. 
Successive bombardment of air, CO2, and tank hydrogen 
gave no detectable disintegration-protons beyond 3.5-cm 
range (the stopping power used in the tests), showing that 
the effect was not due to either H', C, N, or O. Introducing 
15-cm pressure of 98 percent deuterium gas, very large 
numbers of protons were instantly recorded. (The tank 
hydrogen at low pressure would not be predicted to give a 
detectable effect from its H*-content.) The range and the 
range-distribution curve for these protons were the same 
as for those observed from C, SiOz, and the other targets 
at the corresponding deuton-speed, and the disintegration- 
yield per 10* deutons was very much greater. Reduced to 
full voltage by the factor (<5) shown for this group on 
the C-target, the very large yield of one disintegration- 
proton per several thousand primary deutons was obtained. 
This yield value is preliminary and may be in error by a 
considerable factor, but it indicates the magnitude of the 
effect and the reason why the deuterium occluded on and 
in the target by the beam is able to give rise to such a 
large contamination-effect. Difficulties in interpretation 
introduced by the evidently continuous distribution of 
proton-ranges even from the gas will be discussed later. 
A modest number of neutrons appears to be emitted by the 
deuterium gas under bombardment; gamma-rays are not 
produced in any great intensity. Oliphant, Harteck and 
Rutherford have also recently demonstrated the emission 
of large numbers of protons by various deuterium com- 
pounds under bombardment by deutons'® at speeds as 
low as 20,000 volts. During the past two weeks we have 
been attempting to extend these gas-observations to the 
identification of the element (elements?) responsible for 
the delayed radioactivity shown by all targets so far 
tested after bombardment by deutons. The results as yet 
are not definitive, being made difficult by the smallness of 
the effect even at full voltage. The intense (non-delayed) 
gamma-ray emission? produced by deuton-bombardment 
of various targets may have origin in a similar contami- 
nation, but efforts to test for this by gas bombardment 
gave negative and hence inconclusive results, at least 
partly because of the gamma-rays from the Cu-foil window 
and its support. These gas-bombardment experiments, 
with both protons and deutons, are being continued. 


*L. R. Hafstad, M. A. Tuve and C. F. Brown, abstracts 
meeting, American Physical Society, April, 
1934 


10 M. L. Oliphant, P. Harteck and Lord Rutherford, 
Nature 133, 413 (1934). 
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We take pleasure in recording our indebtedness to 
Professor Urey and his colleagues, Professors Zanetti and 
La Mer, for the deuterium gas used in most of these 
experiments. Our first observations were made with a 
sample of heavy water presented to us more than a year 
ago by the late Dr. Washburn. To our colleagues O. Dahl 
and C. F. Brown, and Dr. J. A. Fleming, Acting Director 
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of this Department, we record our grateful thanks for 
their assistance and support. 
M. A. Tuve 
L. R. HaFstap 
Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 
Washington, D. C., 
April 14, 1934. 


The Relation of the Positron Energy Spectrum to the Decay Constant and to the Energy of the Bombarding Protons 


We have reported! approximate energy distributions of 
the positrons emitted by various substances activated by 
proton or deuton bombardment. A typical photograph is 
reproduced in Fig. 1. To find whether a relation exists 


Fic. 1. Magnetic field 800 gauss. Disintegration positrons 
from carbon target after bombardment by 900,000 electron- 
volt deutons. 


between the maximum energy of the bombarding particles 
and the energies of the disintegration positrons we have 
studied numerous samples of carbon bombarded by 
protons at peak voltages of 900,000 and 700,000, supplied 
us by Dr. Lauritsen and Mr. Crane. The results of cloud 
chamber measurements on these samples are shown in 
Figs. 2 and 3, in which the number of tracks in two over- 
lapping sets of 200,000 volt intervals is plotted against 
energy in electron-volts. The existence of a definite energy 
limit to the positron spectrum is not established, but we 
may infer something as to the relative limits in the above 
two cases by ignoring the small tail and extrapolating to 
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the energy axis the declining portions, and comparing 
intercepts. We find in this way about 1.3X10* e.v. for 
both curves and conclude that the disintegration energy 
within experimental uncertainties is not a function of the 
energy of the bombarding particles. As a further check on 
this conclusion we compared the mean energy of the 
disintegration positrons from the above targets activated 
at the two different voltages, with results as shown in 
Table I, which gives the data obtained from two inde- 
pendent measurements on the same sets of photographs, 


TABLE I, 
Maximum energy of Mean positron Number of 
bombarding proton energy tracks 
0.7 X 10° e.v. 0.64 X 10° e.v. 157 \ First 
9 103 meas, 
7 .67 95 \ Second 
9 70 93 meas. 


the second measurement representing a more critical 
choice of only the sharpest tracks. Whereas the difference 
in energy of the protons was 200,000 e.v., the difference 
in mean positron energy was, for the two sets of measure- 
ments, only 50,000 and 30,000 e.v., respectively. 

As we have previously stated! there exists a rough 
connection between the energies of the disintegration 
positrons and the disintegration probability. That the 
upper limits of the 8-ray spectra of natural radioactive 
bodies and the disintegration probabilities are related by 
a quite definite law, which in its general character is 
similar to the Geiger-Nuttall law for the a-disintegrations, 
has been pointed out by Sargent.? For convenience we 


1 Neddermeyer and Anderson, Phys. Rev. 45, 498 (1934). 
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have reproduced his results in Fig. 4, where log \(sec.~*) is 
plotted against log energy in e.v. of the upper limit of 
the 8-spectrum. It is seen that the elements fall into two 
main groups, each fitting rather closely a straight line. 
Ac B definitely does not fit but suggests the presence of a 
third group as Sargent states. Using the data of Crane 
and Lauritsen’ for the half-lives of B (20 min.) and C 
(10.3 min.) activated by deutons, and of Henderson, 
Livingston and Lawrence‘ for the half-life of Al (3 min.) 
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activated by deutons, and our own data on the energies 
(taking the intercepts, found as discussed above, to be 
very rough values for the upper limits of energy), we have 
found these three cases of positron disintegration to fit 
rather closely one of the curves on Sargent’s diagram. It is 
a remarkable fact that C", N™, and the as yet unidentified 
active product obtained from the Al target fall so close 
to the curve drawn for the natural radioactive bodies, 
considering the great difference in atomic number and in 
the type of disintegration (positron as compared with 
negatron) between these two classes of radioactive sub- 
stances. 

It is interesting to note that potassium, which is known 
to emit 6-particles, does not lie on either of the above 
curves. Our measurements of the energies of the 8-particles 
from potassium showed numerous cases in which the 
negatrons (no positrons were here observed) had energies 
exceeding 700,000 e.v., greater in order of magnitude than 
the energies to be expected on the above relation using 
4+.4X10'* minutes as the half-life of potassium. The radio- 
active potassium nucleus, therefore, in view of its disinte- 
gration energy, in comparison with other known negatron 
or positron emitters, is abnormally stable. 

D. ANDERSON 
Seta H. NEDDERMEYER 
Norman Bridge Laboratory, 
California Institute of Technology. 
Pasadena, California, 
April 15, 1934. 


2 Sargent, Proc. Roy. Soc. A139, 659 (1933). 

3 Crane and Lauritsen, Phys. Rev. 45, 430 (1934). 

* Henderson, Livingston and Lawrence, Phys. Rev. 45, 
428 (1934). 


Infrared Absorption by Rochelle Salt Crystals 


Optical tests were made of the theory that the change at 
23°C in the very great dielectric constant of Rochelle salt 
crystals is due to a change in the polarizability of the 
molecules of the water of crystallization. Such a change in 
polarizability should result in a shift in the absorption 
bands due to the water of crystallization which appear in 
the near infrared. 

Since the transmissibility of the crystal is very low in 
this region of the spectrum, it was necessary to prepare 
thin slabs of the substance for the tests. It was found 
feasible to prepare crystal plates ranging from one-quarter 
to one-half of a millimeter. These plates were made by 
first polishing a properly oriented cut and then scraping 
out a depression about one millimeter deep into the thick 
crystal plate. After the depression was polished, the crystal 
was cut parallel to the face so that the resulting plate was 
thick around the edges but contained a thin window in 
its central portion. Plates were made in this way for each 
of the principal crystallographic directions. 

In making the tests a Hilger infrared spectrometer was 
used. The light source was a Nernst glower, and the 
crystal was so arranged that it could be inserted or with- 


drawn from the light beam at will. Since continuous 
passage of light through the crystal produced a gradual 
rise in temperature, a shutter was used to control the beam 
of light. The temperature of the crystal was indicated by 
a thermocouple pressed against its surface. Readings of 
light transmission were taken after a small definite rise in 
temperature had taken place. 

Measurements were also taken using polarized light. 
With the light travelling along the 6 direction it was found 
that the absorption maxima are considerably more pro- 
nounced when the electric vector is in the a direction. 
However the wave-lengths at which they occur appear to 
be practically the same in all cases and their displacement 
with temperature remains unaltered. These absorption 
maxima were found at 1.55, 2.15 and 3.05 microns when 
the temperature of the crystal was 27°C. When the 
temperature was lowered to 18°C they were uniformly 
displaced by about 0.1 micron toward shorter wave-lengths. 
The former temperature is above and the latter is below 
the critical temperature of 23°C at which the substance 
loses its high dielectric and piezoelectric property. Any 
shift due to a change in polarizability of the molecules of 
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the water of crystallization of the magnitude suggested by 
the electrical properties should be much greater than the 
observed value. 

These tests accordingly indicate that the unusually 
large dielectric constant of Rochelle salt crystals, especially 
in the a direction, is not due to the polarization of the 
water molecules. This makes it all the more probable that 
rotations of polarized water molecules or other parts of 
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the tartrate molecule must account for the electrical 
effects. The corresponding changes in optical properties 
would then lie in the far infrared or Hertzian region of the 
spectrum. 

The experimental work herein recorded was very 
efficiently performed by Mr. Alan Koerner. 

JosePH VALASEK 
University of Minnesota, 
April 20, 1934. 


in Heavy Hydrogen 


A few months ago' Bleakney and Gould reported the 
results of a search for H® (hereafter designated by T) in 
heavy hydrogen. They found none although 1 in 10° could 
have been detected. Since then we have completed the 
construction of a much more sensitive apparatus with 
which we have subjected a sample of nearly pure deuterium 
to a careful test. In the meantime additional evidence for 
the existence of a third isotope of hydrogen has been 
offered by Oliphant, Harteck and Rutherford,? Tuve, 
Hafstad, and Dahl’ and Allison.‘ 
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Our experimental data are represented by the curves in 
Fig. 1 where J as usual! is the intensity of a particular 
type of ion while the pressure p is measured by the number 
of D,* ions. The curve for Ds* passes through the origin 
as expected since it is almost exclusively triatomic. The 
curve representing ions of mass 5 however has an appreci- 
able intercept which we interpret as a measure of the 
ratio TD : DD. This gives for the abundance ratio T : D 
=5 ; 10° or one in two hundred thousand for this particular 
sample. This means that the ratio T:H in natural 
hydrogen is probably of the order of 1 : 10° or smaller. 

This result, we believe, confirms rather satisfactorily the 
existence of a third isotope of hydrogen from natural 
sources and gives a good measure of its abundance in this 
particular sample which was obtained by the electrolysis 
of heavy water and contained only about one percent 
light hydrogen. 

We are indebted to Professor H. S. Taylor and his 
colleagues for the sample of deuterium. 

W. WALLACE LoziER 
Puivip T. Smitn* 
WALKER BLEAKNEY 
Palmer Physical Laboratory, 
Princeton, New Jersey, 
April 21, 1934. 


! Bleakney and Gould, Phys. Rev. 45, 281 (1934). 
( mead Harteck and Rutherford, Nature 133, 413 
1934), 

3’ Tuve, Hafstad and Dahl, Washington Meeting, Am. 
Phys. Soc., April, 1934. 

‘ Allison, Florida Meeting, Am. Chem. Soc., March, 
1934 


* National Research Fellow. 


The Production of ,H* by a Canal-Ray Discharge in Deuterium 


Judging from the experiments recently reported by 
Oliphant, Harteck and Rutherford,’ and by Dee,’ the 
production of hydrogen of mass three may occur quite 
frequently as the result of collisions between deutons of 
high energy. Furthermore, the exact mass which they 
deduce from their measurements of range indicates that 
the ,H® should be stable.* Prompted by these results we 
have been running a high voltage discharge in deuterium 
at low pressure and passing the canal rays from it into 
deuterium at a higher pressure, hoping in this way to 
accumulate an appreciable amount of ,H*. We believe 
we have succeeded in doing so. 


The apparatus consists of a discharge tube some 70 cm 
long and 6 cm in diameter with heavy water-cooled iron 
electrodes sealed in either end with de Khotinsky cement. 
The cathode is pierced by a canal 3 mm in diameter and 
19 cm long. This leads into a glass tube 150 cm long and 
3 cm in diameter. Gas is continually pumped out of the 

1 Oliphant, Harteck and Rutherford, Nature 133, 413, 
March 17, 1934. 

2 Dee, ‘Nature 133, 564, April 14, 1934. 

*Some evidence for the existence of this isotope has 
apparently been found also by Tuve, Hafstad and Dahl 
[ Bull. Am. Phys. Soc. 9, No. 2, p. 13, April (1934) (Wash- 
ington Meeting) }. 
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discharge tube and into the lower tube. When the discharge 
is running properly a bright beam of canal rays may be 
seen extending almost the entire length of the lower tube. 
The discharge is run at a voltage of 50 to 80 kv and a 
current of about 15 m.a. The pressure in the discharge is 
of the order of 10-* mm Hg, and in the canal-ray chamber 
of the order of 0.5 mm..- 

Starting with pure deuterium in the discharge we have 
drawn out samples after running different lengths of time 
under various conditions. The samples have then been 
turned over to Drs. Smith, Lozier and Bleakney for mass 
analysis in their new apparatus (see their letter in this 
issue). Three samples, each of which consisted of gas that 
had been treated about an hour, have been analyzed by 
them. The procedure was the same as that used in their 
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study of ordinary deuterium. They conclude that ,H* (or T) 
is present to about one part in five thousand of D. This 
is in contrast to the one part in 200,000 present before 
treatment. 

Obviously the experiment would have been impossible 
without the cooperation of the Department of Chemistry, 
which furnished the deuterium, and of our colleagues in 
the Department of Physics who analyzed the products, 

G. P. HARNWELL 
H. D. SMytu 
S. N. VAN Vooruis 
J. B. H. Kuper 
Palmer Physicai Laboratory, 
Princeton University, 
April 21, 1934. 


Improved Magnetron Oscillator for the Generation of Microwaves 


It has been observed! that to obtain maximum output 
from magnetron oscillators (both the split anode and the 
non-split anode types,?: * it is necessary to incline the axis 
of the anode with respect to the direction of the magnetic 
field. The angle is usually from 3° to 6°. The effect of this 
inclination is to give some of the electrons travelling 
between filament and plate, a component of velocity 
parallel to the anode axis. The electron trajectories in a 
magnetron consisting of a cylindrical anode and concentric 
filament, have been shown by Hull‘ and Langmuir to be 
cycloids when the magnetic field is parallel to the filament. 
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Hollmann,' considering a simplified case, has shown that 
with tilting of the tube they become cycloidal spirals 
whose axes are parallel to the magnetic field. Without 
tilting, a similar effect can be obtained by electrostatic 
methods, for example, end plates may be placed near the 
ends of the cylindrical anode, and maintained at a potential 
such as to draw electrons towards them. Under these 
conditions, also, the electron paths will be spirals, and the 
behavior of the magnetron should be similar to that 
observed with tilting. 

Numerous such magnetrons have been constructed and 
investigated by the writer at wave-lengths of from 7.5 to 
12 cm. They show a distinct improvement over the older 
type, the efficiency being from two to three times greater. 
Outputs of about 2.5 watts at a wave-length of 9 cm have 
been obtained. 

The static characteristic of a typical end plate magnetron 
is shown in Fig. 1. It will be observed that when the field 
magnet current Jy reaches the critical value the anode 
current Jp is cut off, as in the usual Hull type magnetron. 
Simultaneously, the end plate current J, increases. As the 
critical point is passed through the electrons cease passing 
directly from filament to anode and describe longer, spiral 
paths to the end plates. 

The effect of oscillations is shown in Fig. 2. The char- 
acteristic is essentially as before, except for peaks in the 
oscillation region. The increase in filament emission above 
the previous saturation value is apparently due to electron 
bombardment of the filament which causes additional 
heating and possibly some secondary emission.* Curve d 
indicates energy radiated from an antenna connected to 
the tube. 

Ernest G, LINDER 

RCA Victor Company, 

Camden, New Jersey, 
April 16, 1934. 


1 Slutzkin and Steinberg, Ann. d. Physik 1, 658 (1929); 


I, Ranzi, Nuovo Cimento 6, 249 (1929); G. R. Kilgore, 
Proc. I. R. E. 20, 1741 (1932). 

2H. Yagi, Proc. I. R. E. 16, 715 (1928). 

3K, Okabi, Proc. I. R. E. 17, 652 (1929). 

4A. W. Hull, Phys. Rev. 18, 31 (1921). 

5H. E. Hollmann, Ann. d. Physik 8, 956 (1931). 

®E. C. S. Megaw, Nature 132, 854 (1933). 
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